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Flash flooding kills more people in the United States than any other severe 
weather phenomenon. One of the most vulnerable areas for flooding is the southern 
Appalachians. These mountains lie in a geographical location that places them near the 
Atlantic Ocean and the Gulf of Mexico, two major moisture source regions. This ample 
supply of moisture, mid-latitude circulation patterns, and orographic lifting leads to 
annual precipitation totals in the southern Appalachians that are comparable to locations 
along the Gulf coast. 
The present study investigates eight non-tropical flash flood events. Four of the 
events occurred in the cool season and four occurred in the warm season. Several 
meteorological parameters were analyzed using NARR data and synoptic soundings for 
the pre-storm and storm environments of eight flash flood events. The results show 
significant differences in the role of moisture advection and wind profiles between the 
cool and warm season events. In addition, the cool season events were rather widespread 
in aerial coverage, while the warm season events were typically quite isolated in nature. 
For example, a large mid-latitude cyclone resulted in up to four inches of rain on large 
portions of the southern Appalachians on January 26, 1996. On the other hand, during the 
afternoon of June 22, 2001, slow-moving thunderstorms produced as much as four inches 
x 
of rain on Skyland, North Carolina. This research shows the role of synoptic and meso-
scale settings and their forcings on the evolution of these extreme hydrometeorological 
events. 
xi 
CHAPTER 1 
INTRODUCTION 
One of the more challenging and difficult problems facing forecasters today is 
quantitative precipitation forecasting of orographically enhanced heavy precipitation and 
flash flooding (Lin et al. 2001). The difficulty of forecasting flash floods is a global 
problem. For instance, significant orographic flash flooding events affect such areas as 
the European Alps, the Western Ghats in India, the Central Mountain Range in Taiwan, 
the islands of Japan, and the South Island of New Zealand. These flash floods result in 
significant loss of life and property. Thompson and Perry (1997) argue that floods and 
flash floods are the most important environmental hazard in creating significant disasters 
and are usually regarded as the most common of all global environmental hazards. In 
fact, flash flooding continues to be the number one severe weather killer in the United 
States. Rainfall is generally an ordinary event and that could be why so many people do 
not take flash flooding more seriously (Maddox et al. 1995). Thompson and Perry (1997) 
found that from 1963-1992, flooding and flash flooding was responsible for 26% of all 
fatalities from atmospheric hazards worldwide. By comparison, only 6% of all people 
killed in atmospheric hazards were killed in severe storms for the same time period. 
In the United States, an area likely to experience flash flooding is the southern 
Appalachians. This research focuses on the southern Appalachian mountain counties of 
western North Carolina and eastern Tennessee (Figure 1). The geographical position of 
this area places it at a higher risk for flash flooding. Two major moisture source regions 
lie in close proximity to the southern Appalachians. The Atlantic Ocean lies just to the 
east of the region, and the Gulf of Mexico lies to the south. Winds from either ocean can 
92 
advect tremendous amounts of moisture toward the region. Also, middle-latitude 
cyclones significantly affect the southern Appalachians and can bring a variety of 
precipitation types and intensities. Tropical systems also affect the southern 
Appalachians from both the Atlantic and Gulf of Mexico. This study focuses on warm-
and cool-season flash flooding. Moreover, these events were not influenced by tropical 
systems. 
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Figure 1.1 Map of the southeastern United States highlighting the southern Appalachian 
counties of this study. Source: National Atlas of the United States 
As tourism and population in the southern Appalachians continue to grow, the 
importance of accurately predicting flash flooding also grows. On the Tennessee side of 
the southern Appalachians, areas such as Pigeon Forge and Gatlinburg have experienced 
tremendous growth in recent years. On the North Carolina side of the southern 
92 
Appalachians, Asheville has experienced much of the same growth (USCB 2000). In the 
past, mountainous flash flooding was largely ignored because of the sparse population in 
the mountains. Today, this is not the case. Consequently, streams running from the 
mountains are experiencing more and more residential and commercial growth along 
their banks. These streams are attractive for fishing, canoeing, white-water rafting, and 
various other recreational activities. During a flash flood these streams can become 
tremendously powerful, sometimes carrying boulder-size debris in their currents. One 
concern with the streams is the warm-season flash flood events that cause a rapid rise in 
water in a matter of minutes, possibly catching river recreationists by surprise. These 
events are usually caused by slow-moving thunderstorms upstream and can be quite 
difficult to predict. 
The objective of this research is to investigate four cool-season and four warm-
season flash flood events and determine whether they agree with the framework proposed 
by Maddox et al. (1979). In a study of 151 flash flood events, Maddox et al. (1979) 
found that flash floods were associated with convection associated with high surface 
dewpoint temperatures. Maddox et al. (1979) also found high moisture contents were 
present through a deep tropospheric layer with weak to moderate vertical shear of the 
horizontal wind through cloud depth. In most cases, a weak, mid-tropospheric trough 
helped trigger convection and the storm area was very near the mid-tropospheric large-
scale ridge position (Maddox et al. 1979). Other works of Maddox found that flash 
floods can occur under rather benign conditions without any obvious clues indicating a 
potential for flash flooding (Maddox et al. 1979; Maddox et al. 1977; Maddox et al. 1986; 
Maddox et al. 1978). Maddox and his colleague's (1979) studies are important because 
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they recognize the difficulty of flash flood forecasting and Maddox is a lead researcher in 
the United States on this topic. 
In addition, this research project will examine the antecedent and concurrent 
atmospheric conditions responsible for these eight flash flood events in the southern 
Appalachians. This study will also show the differences and similarities in cool- and 
warm-season flash floods. An understanding of the conditions that lead to these events 
may improve forecasting. In this research, synoptic and mesoscale data were analyzed 
for eight flash flood events. Upper air sounding data was used from Greensboro, North 
Carolina in most instances. In addition, North American Regional Reanalysis (NARR) 
data (Mesinger et al. 2006) was used to create mesoscale assessment. The NARR dataset 
was developed by the National Centers for Environmental Prediction and was completed 
in 2004 (Mesinger et al. 2006). NARR covers a 25-year period from 1979-2003. 
Mesinger et al. (2006) state that NARR is an improvement from earlier global reanalysis 
datasets in resolution and accuracy. The NARR system utilizes a version of the Eta 
Model and its 3D-Var Data Assimilation System. NARR data has a 32km and 45-layer 
resolution. Radar and NCDC storm reports were used to determine the placement of the 
NARR locations. 
In the following chapter, the study area and methodology are defined. The 
topography, geographic location, and other characteristics are given in detail so that the 
reader can better understand the reasons for the concern for flash flooding in the southern 
Appalachians. The methods by which this research was conducted and definitions of 
parameters used are provided in section 2.2. 
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CHAPTER 2 
STUDY AREA AND METHODOLOGY 
2.1 STUDY AREA 
The southern Appalachians include the mountains of Virginia, West Virginia, 
North Carolina, Tennessee and northeast Georgia. This research is focused on the part of 
the southern Appalachians that consists of the mountains of extreme east Tennessee and 
western North Carolina (Figure 2.1). According to the United States Geological Survey 
(USGS 2007), the region consists of rugged terrain that ranges in elevation from a few 
hundred feet to heights around 6,000 feet. Asheville, NC is the largest city within the 
study area with a population approaching 70,000 (USCB 2000). The area consists of 
many tourist destinations such as Gatlinburg, Sevierville, Dollywood and the Bristol 
Motor Speedway in Tennessee. This region also includes the Great Smoky Mountains 
National Park, which is the most visited national park in the United States (NPS 2006). 
Figure 2.1 A close-up view of the topography of the southern Appalachians. 
Source: USGS (2007) 
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The mountainous terrain, geographical location near the Atlantic Ocean and Gulf 
of Mexico, and the latitude of the southern Appalachians causes large variations in the 
distribution of precipitation across the mountains. Many mountain peaks in the southern 
Appalachians generally rise to between 2500 and 4500 feet above the surrounding terrain, 
though isolated peaks may rise to 6000 feet MSL (Gaffin & Hotz 2000) (Figure 2.2). 
Mid-latitude cyclones frequently pass to the west and north of the region causing a 
surface wind flow from the south and/or southeast. These southerly winds advect 
abundant moisture from both the Atlantic Ocean and Gulf of Mexico. Upslope flow 
increases precipitation, sometimes dramatically, across the mountains (Gaffin & Hotz 
2000). 
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Figure 2.2 Smoothed elevation map of the southern Appalachians in feet (MSL). The 
shaded region is the Great Smoky Mountains National Park. 
Source: Gaffin & Hotz (2000) 
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Gaffin and Hotz (2000) found that the greatest 'normal' precipitation amounts 
(80") were found across the mountains of southwest North Carolina where upslope winds 
from synoptically driven southerly wind flow is strongest (Figure 2.3). They also found 
that the least 'normal' precipitation amounts (50") were found in the mountains of 
northeast Tennessee, located exactly opposite the mountains of southwest NC. In 
addition, they determined that the French Broad River valley area where Asheville, NC is 
located also exhibits lower precipitation totals. Both the mountains of northeast 
Tennessee and the French Broad River Valley are in a downslope region of the mountains 
in a synoptic-scale storm track. According to Gaffin and Hotz (2000), these areas 
experience their greatest precipitation totals in July, when convective thunderstorms are 
more common. 
Figure 2.3 Spatial distribution of annual rainfall (inches) across the southern 
Appalachians. The dots represent precipitation-measuring stations. 
Source: Gaffin & Hotz (2000) 
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Gaffin and Hotz (2000) found that flash flooding varies significantly by season in 
the southern Appalachians. In a study of 32 flash flood events, Gaffin & Hotz (2000) 
determined that August was the most active month for flash flood reports due to the 
influence of localized thunderstorms. Therefore, flash flood reports were most numerous 
in the afternoon and evening hours when convective events are most likely to occur. 
Heavy precipitation events, 76 mm or more of rainfall in at least a 6-hour period and/or 
101 mm or more of rainfall in at least a 12-hour period, were found to mainly occur in the 
summer months when convective events are most common. Upslope flow of the 
mountains tends to enhance and increase the convection. Gaffin and Hotz (2000) found 
that winter and autumn flash flood reports peak between 0700 and 1200 local standard 
time. They also found that winter and autumn flash flood events were usually driven by 
organized systems, such as mid-latitude cyclones. In fact, they determined that synoptic 
systems are the most frequent producers of heavy rainfall events, usually occurring at 
night and during the spring months. In addition, roughly two-thirds of the heavy rainfall 
events exhibited a southwest mid-tropospheric flow and all heavy rainfall events were 
equally distributed between day and nighttime. 
According to the NCDC (2004), flash floods have resulted in one fatality, a dozen 
injuries, and millions of dollars in crop and property damage in the southern 
Appalachians over the last decade. From 1995 to 2005 the North Carolina counties of the 
southern Appalachians reported 286 flash floods. The total damages from these flash 
floods were approximately $35 million. In this same time period, the Tennessee counties 
of the southern Appalachians had 82 reports of flash floods and approximately $33 
million in damages from flash floods. 
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The number and cost of flash floods in the southern Appalachians emphasize the 
need for research in this area. However, the topography complicates research, especially 
at the mesoscale. Since the nearest sounding is more than 200 km to the east of the area, 
NARR data was used to create interpolated mesoscale data for the eight flash flood 
events. Other methods, as well as explanations for all the parameters analyzed, can be 
found in the following section. 
2.2 METHODOLOGY 
North American Regional Reanalysis (NARR) data was analyzed through the grid 
analysis and display system (GrADS) (Mesinger et al 2006). The nearest sounding 
station is more than 200 kilometers from where the flash flood events occurred. 
Therefore, NARR data was essential in getting a better idea of the conditions within the 
immediate proximity of the flash flood events. NARR is high-resolution data of 32 km 
that covers more than a 25-year period beginning in 1979. Most of this data was 
successfully completed in 2003. According to Mesinger et al. (2006), NARR is an 
improvement, in both accuracy and resolution, of earlier NCEP/NCAR Global Reanalysis 
data (Mesinger et al. 2006). A grid analysis and display system, GrADS, is a program for 
viewing the NARR data. GrADS uses a 4-dimensional data environment of longitude, 
latitude, vertical level, and time. Data can be displayed to show contours, streamlines, 
wind vectors, etc. by using the programmable scripting language. GrADS allows for 
sophisticated analysis and display applications (GrADS 2006). 
NARR data was compared to actual sounding data for accuracy (Table 2.1). The 
latitude and longitude coordinates of Greensboro, North Carolina were put into the 
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GrADS script with the NARR data. The analysis shows that NARR data works quite 
well overall. In fact, K-index and precipitable water worked very well and, at times, had 
the exact same NARR readings as the actual Greensboro sounding. Lifted indices also 
compared rather well, though at times they differed significantly, especially with the 
cool-season storms. A comparison of the wind data indicated the wind speeds and 
directions matched well. An example of such a comparison can be found in Figure 2.4. 
January 1998 has no NARR data to compare. Shafer (2005) found NARR data to 
underestimate intermountain precipitation and surface temperatures (Shafer 2005). 
However, other works have found NARR to work quite well with severe weather 
scenarios (Grumm et al. 2005; Jaye 2006). Reanalysis data is an estimate of the 
atmosphere and should be used with caution in order to avoid inaccuracies in the research 
(Bukovsky & Karoly 2006). 
Table 2.1 A comparison of NARR data to actual Greensboro (GSO) sounding data. 
PW KI L] 
Date NARR GSO NARR GSO NARR GSO 
Feb. 16, 
1995 
30.4 31 33 32 1 8 
Jan. 18, 
1996 
27.3 29 22 30 8 1 
Jan. 26, 
1996 
20.9 23 20 20 17 12.8 
July 3, 
1995 
40.2 41 33 33 -7 -4.3 
July 6, 
1999 
39.7 40 33 33 -7 -5 
June 22, 
2001 
45.8 47 34 35 -4 0.5 
August 4, 
2001 
38.1 39 
' * if. 
31 29 -3 -2.3 
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A script was obtained through personal communication with Dr. Bob Hart 
(personal communication, July26, 2006) for creating radiosonde soundings in GrADS 
(Figure 2.4). The sounding script was opened in GrADS to create soundings for selected 
latitudes and longitudes in the southern Appalachians. GrADS was operated in Linux. 
The locations were chosen based on the location of the flash flood events being studied. 
Radar data and NCDC storm reports were used to verify the placement of the sounding 
sites. 
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Figure 2.4 a) An example of NARR data displayed with GrADS and b) an actual 
GSO sounding for June 22, 2001. 
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Various data were used to determine the placement of the NARR radiosonde sites. 
Typically, the storm reports coincided with the heaviest radar-indicated rainfall. Radar 
data were analyzed to verify the legitimacy of the storm reports. The placement of the 
32-km resolution NARR sounding sites was based primarily on radar data (Tables 2.2 & 
2.3). In addition, relationships between the heaviest rainfall and topography were 
analyzed. As with any dataset there were missing parameters for some of the NARR 
data. For instance, the January 1998 storm had missing data for the storm environment 
sounding. However, the data is in three-hour increments so the data three hours before 
the synoptic sounding was used as the storm-environment sounding data. Other random 
missing data points, though uncommon, are represented as dashes (i.e. — ) in the tables. 
Table 2.2 Locations for the cool-season NARR sounding sites. 
Date Locations 
Feb. 16, 1995 Robinsville, NC 
Old Fort, TN 
Jan. 19, 1996 Montreat, NC 
Flat Springs, NC 
Zionville, NC 
Jan. 26, 1996 Asheville, NC 
Pensacola, NC 
Jan. 7, 1998 Bryson City, NC 
Newland, NC 
Cane River, NC 
Boone, NC 
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Table 2.3 Locations for the NARR warm-season sounding sites. 
Date Locations 
July 3, 1995 Hendersonville, NC 
July 6,1999 Marshall, NC 
June 22, 2001 Asheville, NC 
August 4, 2001 Luck, NC 
Eight flash flood events were selected from the National Climatic Data Center 
(NCDC) Storm Data Database (NCDC 2004) (Tables 2.4 & 2.5). NARR data was used 
for this study. In addition, the synoptic radiosonde data was obtained from Plymouth 
State College's (PSC) website. The original source of this data is NCDC. Four events 
were chosen from the cool season, and four events were chosen from the warm season. 
The events were partly chosen by the availability of data. This data includes overall 
assessments by the NCDC including storm total precipitation, monetary damages, 
synoptic data, and any other detail deemed necessary to report. For the most part, the 
flash flood events are not meteorologically extraordinary for the region. 
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Table 2.4 The four cool-season flash flood (FF) events. 
Date Location by 
County 
Rainfall 
(mm) 
Time of 
FF 
FF 
$ loss 
Time of 
storm-
environment 
sounding 
Feb 1995 Cherokee, Graham, 
Swain, Transylvania, 
Henderson, NC; Sevier 
& Polk, T N 
179 6:00 A M 
in NC and 
11:00 A M 
in T N 
- 4 5 5 K Feb. 16, 12Z 
Jan. 18 
1996 
Ashe, Wilkes, Watauga, 
Avery, Buncombe, 
Mitchell, Haywood, 
Henderson, Burke, and 
Allegheny, NC 
25-50 midnight 40K Jan. 19,0Z 
Jan. 26 
1996 
Buncombe, NC and 
surrounding counties 
76-102 Evening 
of Jan.26 
- 3 0 K Jan. 27, 0 Z 
Jan 1998 Swain, Haywood, 
Transylvania, Yancey, 
Mitchell, Avery, 
Watauga, NC; Sevier, 
TN 
Up to 
381 
7:00 PM 
to 
midnight 
-35 M Jan. 8, 0Z 
Table 2.5 The four warm-season flash flood (FF) events. 
Date Location by County Rainfall 
(mm) 
Time of 
FF 
FF 
$ loss 
Time of 
storm -
environment 
sounding 
July 1995 Henderson, NC 102 4:00 PM 40 K July 4, 0Z 
July 1999 Madison, NC 152 11:00 PM 3 M July 7, 0Z 
June 2001 Buncombe, NC 102 1:15 PM 1 M June 23, 0 Z 
Aug 2001 Madison, NC 102 9:30 AM 3.7 M Aug. 4, 12Z 
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In addition, NARR data and upper air synoptic data were analyzed for the 925-, 
850-, 700-, and 500-mb levels to get an understanding of the pre-storm and storm 
environments of the eight flash flood events. In this study, the pre-storm environment 
refers to the environment one sounding prior to the flash flood event and the storm 
environment refers to the sounding taken during or shortly after the flash-flood event. 
The skew-T log p data were accessed from PSU. The data originates from the NCDC 
(2004). The skew-T log p charts were used along with other synoptic data. Most of the 
synoptic data were taken from the Greensboro, NC sounding site, but there are some 
exceptions. Greensboro is approximately 260 km east of Asheville, NC. The pre-storm 
soundings for both January 18, 1996 and July 1999 were taken from Roanoke, VA 
because of missing data from Greensboro, NC. Roanoke is approximately 390 km 
northeast of Asheville, NC. In the case of July 1995, the storm-environment wind data 
was taken from Peachtree City, GA, because of missing wind data from both Greensboro 
and Roanoke. Peachtree City, GA is approximately 390 km south of Asheville, NC. 
An analysis of the 500-mb synoptic data is necessary to determine the tilt of the 
500-mb trough. The tilt of the 500-mb trough determines the stage of development of a 
large-scale storm system and the behavior of warm- and cold-air advection within the 
system (Carlson 1998). The 500-mb chart was analyzed with the surface map. A trough 
that tilts from northwest to southeast is negative and is encouraging cold air advection. A 
surface low has reached or will reach maturity with a negatively tilted 500-mb trough. A 
trough that tilts from north to south is neutral and is encouraging neither cold or warm-air 
advection. In a neutrally-tilted trough, a system has occluded with the surface and upper 
lows on top of each other, or stacked. A trough that tilts from northeast to southwest is 
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positive and is causing very little cold air advection. A system is typically in a 
weakening state when it is associated with a positively tilted 500-mb trough (Carlson 
1998). 
Absolute vorticity and geopotential heights were analyzed at the 500-mb level to 
determine the presence or absence of short-wave troughs (Equation 2.1). In addition, 
700-mb geopotential maps were used alongside 500-mb geopotential maps. According to 
Chaston (2002), the 500 and 700-mb maps are often considered the best maps to 
investigate short-wave troughs. Absolute vorticity analyses can provide information on 
the character of the "spin" of the rising parcels. The absolute vorticity equation takes the 
earth's rotation into consideration when calculating the amount of rotation of a parcel 
(Djuric 1994). In addition, vertical velocities at 500-mb were analyzed by creating color 
enhanced maps showing areas of enhanced lift. These colored maps displayed areas of a 
"bullseye" effect of enhanced lift. Short-wave troughs increase the absolute vorticity and 
the vertical velocity of a parcel (Chaston 2002). Absolute vorticity refers to the actual 
spin of a parcel of air plus the spin of the earth and is usually measured at the 500 or 700-
mb pressure levels (Vasquez 2003). A counterclockwise-spinning parcel is cyclonic and 
rises, and a clockwise-spinning parcel is anti-cyclonic and sinks. The character of a 
parcel's spinning motion will indicate whether air is generally rising (instability) or 
sinking (stability). Furthermore, absolute vorticity, along with geopotential heights, at 
the 500-mb level are often used to evaluate the presence and strength of short-wave 
troughs. Forecasters use absolute vorticity for most conventional vorticity analysis. 
Absolute vorticity, along with geopotential heights, was analyzed at 500-mb. 
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Absolute vorticity = 2Q + V x u 
Q.= the earth's angular velocity vector 
u= the three-dimensional relative velocity vector 
(2.1) 
The wind profiles, temperatures (T), and dewpoint depressions (Tdd) give 
indications to the degree of stability/instability and the availability of moisture and 
energy within a system (Djuric 1994, Chaston 2002). The wind profiles indicate the 
direction and speed by which moisture or dry air at different pressure levels is moving 
into the storm area. A wind profile can show the degree of wind shear, or change in wind 
speed and direction with height. An analysis of the temperature profiles from near the 
surface to 500-mb will provide information about the lapse rates (Djuric 1994). The 
greater the lapse rates, the greater the instability. In addition, there must be sufficient 
moisture in the atmosphere to support convection (Carlson 1998). The dewpoint (Td) is 
the temperature the air must be cooled at constant pressure for condensation to occur. 
For example, if the air temperature was 15° C and the Td was 10° C, the air would need to 
be cooled to 10° C in order for the air to be completely saturated. The Tdd is the 
difference between the air temperature and the Td- For example, in the previous example 
the air temperature was 15° C and the Td was 10° C so the Tdd was 5° C. If the Tdd is less 
than or equal to 5° C the air is said to be moist (Chaston 2002). 
Other indicators of available moisture were analyzed. Precipitable water (PW), 
mixing ratios (q), and relative humidities were analyzed from near the surface to 500-mb. 
PW is the measure of the amount of moisture in the atmosphere from the surface to 500-
mb (Chaston 2002). PW is calculated by taking a column of air from the surface to 500-
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mb and condensing all the moisture out of that column. The measure of that moisture is 
the PW value, which is usually measured in inches. The percent above or below normal 
values were found by accessing the National Oceanic and Atmospheric Association's 
Earth System Research Laboratory (2007). The q is the actual amount of water vapor in 
the air and is given in grams of moisture per kilogram of dry air. The q is the parts of 
water vapor per thousand parts of air. In addition, relative humidity values were analyzed 
alongside the q for an even more thorough analysis of moisture content throughout the 
atmosphere. The relative humidity is the actual amount of water vapor in the air 
compared to the saturation amount at that temperature (Stull 2000). In other words, 
without regards to temperature, relative humidity indicates the amount of net evaporation 
that is possible. A relative humidity of 100% indicates that no net evaporation is taking 
place. 
Theta-e ( 9
 e) trough and ridge patterns at the 850-mb pressure level were 
analyzed. 9 e (Equation 2.2) is a parameter that considers both temperature and moisture 
(Carlson 1998 ). 9
 e is found by taking a parcel from the 850-mb level, raising it upward 
until all the moisture is condensed out of it, and then dry-adiabatically bringing the parcel 
back down to 1000-mb. The temperature of the parcel at this point is 9
 e. According to 
Chaston (2002), the magnitude of a 9
 e trough or ridge can indicate the strength or 
weakness of temperature and moisture advection. 
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+ (2.2) 
p cP p 
Te= equivalent temperature 
T= temperature of air at pressure p 
P= pressure at the point (mbar) 
Po= standard reference pressure (1000-mb air) 
R= specific gas constant for air (287 J/(kg*K)) 
Cp= specific heat of dry air at constant pressure (1004 J/(kg*K)) 
U = latent of evaporation (2400 kJ/kg {at 25C} to 2600 kJ/kg {at -40C}) 
r= mixing ratio of water vapor in air 
According to Chaston (2002), the K-index is used to assess heavy rainfall and 
flash flood potential (Equation 2.3). All temperatures are in degrees Celsius. The first 
term of the K-index formula calculates the lapse rate from 850 to 500-mb (Chaston 2002, 
Djuric 1994). The steeper the lapse rate, the greater the instability. The second term 
deals with the 850-mb dewpoint. It is necessary to have as high an 850-mb dewpoint as 
possible. A value of 10 or more for this term would be high (Chaston 2002). Finally, the 
last term is the 700-mb dewpoint depression (Chaston 2002, Djuric 1994). A moist 
column of air must exist from the surface to 500-mb for heavy rainfall to occur. If that 
moist column of air is interrupted by a dry air slot at 700-mb (i.e. a cap), the heavy 
rainfall potential will be diminished. Therefore, a Tdd at or near zero would be ideal for 
heavy rainfall. K-index values greater than 38 indicate heavy rainfall and flash flooding 
(Chaston 2002). 
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K-index= (850-mb T - 500-mb T) + 850-mb Td - 700-mb Tdd. (2.3) 
T= temperature 
Td= dewpoint 
Tdd- dewpoint depression 
The LI is found by lifting a parcel from the surface to 500-mb and then taking the 
difference of the parcel's temperature from the environmental temperature at that 
pressure level (Djuric 1994) (Equation 2.4). As long as the parcel temperature is warmer 
than the environmental temperature it will continue to rise. Negative LI values indicate 
instability. 
LI= Tenv (500-mb)- Tparcei (500-mb) (2.4) 
Tenv (500-mb)= the environmental temperature at 500-mb 
Tparcei (500-mb)= the parcel temperature at 500-mb. 
A total of 16 parameters have been used in the analysis of all eight flash flood 
events. This research intends to use these parameters to show important pre-storm and 
storm environmental characteristics of the eight storms. The following chapter will 
provide a review of the literature on flash flooding. The conditions that are common to 
flash flooding are described. In addition, several examples of case studies are given. 
These case studies cover a variety of flash flooding circumstances including cool- and 
warm-season orographic flash flooding, flash flooding associated with severe 
thunderstorms containing tornadoes, and arid environment flash flooding. 
92 
CHAPTER 3 
COMMON CONDITIONS FOR FLASH FLOODING AND CASE STUDIES 
3.1 COMMON CONDITIONS 
A flash flood is a precipitation event that occurs quickly, usually in less than six 
hours, and typically affects an area no larger than 1,000 km (AMS 2000). It is the 
magnitude of a flash flood that is important (Gaffin & Hotz 2000). The amount of 
precipitation is what makes a precipitation event go from ordinary to extraordinary. A 
killer flash flood is an event that most forecasters will never experience. However, this 
adds emphasis on the importance of getting the forecast right the first time. According to 
Maddox et al. (1995), the forecast can be quite difficult because many flash flood days 
are not manifestly different from the non-event days that preceded them. Furthermore, 
indications of a flash-flood day may not be clear on the morning sounding for that day. 
A flash flood occurs where the rainfall rate is the highest for the longest time 
(Doswell et al. 1996). Forecasters typically consider a rainfall rate of 25 mm per hour a 
high rainfall rate. A long duration event typically begins at about one hour. Basically 
speaking, lifting moist air to condensation produces precipitation. Therefore, the rainfall 
rate at a particular point is proportional to the magnitude of the vertical moisture flux 
(Doswell et al. 1996). Vertical moisture flux is defined as wq, where w is the ascent rate 
and q is the mixing ratio of the rising air. Precipitation efficiency (PE) also affects the 
magnitude of a flash flood event. PE is basically a measure of how much precipitation is 
reaching the ground versus how much precipitation could reach the ground were it not for 
factors such as evaporation. 
The duration of the rainfall event is related to the storm system's speed, size, and 
variations in precipitation intensity within the storm system (Doswell et al. 1996). Flash 
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floods are often associated with slow-moving precipitation systems. However, when 
convective cells continue to move over the same areas, or "train", they do not necessarily 
have to move slowly. In addition, training typically causes the highest rainfall totals of 
any precipitation event by producing precipitation over the same areas for an extended 
period of time (Doswell et al. 1996). 
Deep, moist convection is associated with buoyancy (Maddox et al. 1995). In 
order to produce buoyancy and deep convection the environmental lapse rate must be 
conditionally unstable. Maddox et al. (1995) states that there must be sufficient moisture 
so that a rising parcel has a level of free convection (LFC), and there must be some 
process by which a parcel is lifted to its LFC. Deep moist convection will not occur 
without one of these three factors. They state that there is also an unmistakable 
connection between short-wave troughs, and deep, moist convection. There is usually 
modest but persistent synoptic-scale vertical ascent ahead of short-wave troughs. A long-
duration precipitation event can be the result of strong ambient flow associated with a 
slow-moving boundary (Maddox et al. 1995). An ideal situation for a long-duration 
event is when convective cells move roughly parallel to a slow-moving outflow boundary 
and moist air orients itself perpendicular to this line. In addition, the outflow, a possible 
focus for deep, moist convection, is usually located downstream of the middle and upper 
tropospheric winds. Undercutting from outflows is weak in a moist environment, where 
evaporation is weak and thus the outflows are not as cold. Maddox et al. (1995) also 
state that the strength and location of an outflow is important to storm propagation. 
Accurate forecasting of an orographic flash flood event requires analysis at both 
the synoptic scale and the mesoscale. Lin et al. (2001) found that the majority of 
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orographic events are caused by upslope motion in conjunction with conditional or 
potential instability or leeside convective precipitation advected in from the upwind slope 
region. They also found that the wind velocity perpendicular to the mountain range, the 
moist static stability, and the height of the mountain range may determine the character of 
the orographic rainfall. Lin et al. (2001) determined that heavy orographic rainfall 
requires any combination of the following: high precipitation efficiency of the incoming 
airstream, an intense low level jet, steep orography, favorable mountain geometry wind 
and confluent flow field, strong synoptically forced upward vertical motion, a high 
moisture flow upstream, the presence of a large, pre-existing convective system, slow 
movement of a convective system, or a conditionally or potentially unstable low-level 
flow. Maddox et al. (1995) found that in situations where convection develops in a non-
convective environment and where updrafts are forced rather than freely buoyant, 
orography is the most common way to force that lift. 
In a study of 150 flash flood events by Maddox et al. (1979), it was determined 
that a number of similarities exist between all 150 events. They found that the flash 
floods were associated with convective storms that formed in areas with high dewpoint 
temperatures with relatively high moisture contents through a deep tropospheric layer. 
Weak to moderate vertical shear of the horizontal wind was present through the cloud 
depth, and the convective storms repeatedly moved over the same area. A weak, mid-
tropospheric, meso-scale trough also helped triggered these storms. The storm area was 
also very near the mid-tropospheric, larger-scale ridge position. In addition, most of the 
flash flood events were nocturnal. 
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Section 2.1 will examine case studies of several flash flood events. These events 
occurred in various geographical and meteorological settings in the United States. Case 
studies of southern Appalachian flash flooding are limited. Therefore, it is necessary to 
look at case studies of flash flood events elsewhere. An understanding of the 
meteorological characteristics of other flash flood events should aid in the analysis of 
southern Appalachian flash flooding. 
3.2 CASE STUDIES 
a. Cool-season orographic flash flooding 
Barros and Kuligowski (1997) analyzed a severe wintertime rainstorm that 
developed over the central Appalachians on January 18, 1996. They found that the 
morning weather map and sounding for Sterling, Virginia indicated a deepening 500-mb 
trough swinging rapidly out of the Mississippi Valley toward the east coast. A strong jet 
was present at 850-mb (35 m/s). This jet was advecting abundant low-level moisture 
from the Gulf of Mexico. The morning sounding also revealed an atmosphere that was 
conditionally unstable above 850-mb with a slight inversion below 850-mb. A strong 
cold front was moving through the eastern third of the United States and was preceded by 
a surface trough approximately 100-150 km ahead of the front. Surface dewpoint 
temperatures exceeded 50°F ahead of the cold front. Surface lows formed on the trough 
ahead of the front in northern Virginia and northern Pennsylvania. In addition, they 
determined that the low in Virginia may have enhanced precipitation by increasing 
convergence and/or by throwing moisture over the cold front and up the lee side of the 
mountains (Barros & Kuligowski 1997). Furthermore, warm temperatures led to rapid 
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snowmelt in the mountains, which aggravated the flooding situation. A long period of 
low intensity rainfall preceded the more intense rainfall associated with the convective 
front. Interestingly, Barros and Kuligowski (1997) found that the storms that developed 
with this storm system tended to follow elevation contours even when atmospheric winds 
were steering otherwise. 
Hunter and Boyd (1998) analyzed a cool season flash-flood event that occurred on 
January 7-8, 1998, in Carter County, in the mountains of eastern Tennessee. This 
devastating flash-flood event resulted in seven fatalities and $20 million in property 
losses. A flood watch was issued at 3:30 PM on January 7th and flash flood warnings 
were issued by 9:20 PM. They determined that the flash flooding was the result of a 
slow-moving storm system approaching the area from the southwest. The storm system 
was being steered by a strong 500-mb southwest flow. They proposed that the 500-mb 
flow with embedded short waves probably enhanced precipitation over the Appalachians 
(Hunter & Boyd 1998). In addition, a vigorous upper trough extended from Texas to 
Missouri and an area of high pressure was positioned just off the east coast. These two 
factors helped pump moisture from both the Gulf of Mexico and Atlantic Ocean into the 
Appalachian region as early as the 4th of January. A deep surface cyclone was positioned 
over middle Tennessee along a north-to-south oriented stationary front. The region had a 
PW value of 35.6 mm, a LI of +2, and an 850-mb 30-40 kt southerly jet positioned over 
east Tennessee and Kentucky. Hunter and Boyd (1998) also stated that the low buoyancy 
(LI of +2) should not have produced the convective rainfall and widespread precipitation 
that Carter County experienced in this event. Steady rainfall had fallen throughout the 
7th, followed by a line of convective precipitation the night of the 7th. They suggested a 
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convective line triggered the flash flooding. Hunter and Boyd (1998) noted that Roane 
Mountain, in Carter County, had snowmelt in the highest elevations and could have 
aggravated the flash flooding. 
b. Warm-season orographic flash flooding 
Pontrelli et al. (1999) studied the Madison County, Virginia flash flood of June 
27, 1995. This flash flood resulted in three fatalities and $200 million in damages. They 
found that the pre-storm environment included a large, negatively tilted upper-level long-
wave trough. In addition, there were several weak, short-wave troughs embedded within 
the long-wave trough positioned over the upper Mississippi River Valley. A ridge axis 
was positioned over New England. Beneath this axis, high pressure was building south 
from New England and funneling cool air southward. Low pressure was centered 
directly under the upper-level trough. Low-level and moist easterly flow from the 
Atlantic was present behind the front. Madison County was located behind the front and 
between the low pressure to its south and the high pressure to its north. LI was -1, CAPE 
was 150 J/kg, precipitable water (PW) was 50 mm, and surface and 850-mb dewpoints 
were 23 and 14° C, respectively. Winds were weak throughout the atmosphere with 
weak vertical shear. Similar results have been found by Maddox (1971) with other flash 
flood events. Pontrelli et al. (1999) found that the atmosphere became conducive to flash 
flooding with the passage of the front. Furthermore, the mid levels contained drier air 
and PW was still 50 mm. In addition, CAPE rose to 600 J/kg and the LI fell to -2, which 
indicated that little lift would be needed for convection. 
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Pontrelli et al. (1991) analyzed two mesoscale convective systems that affected 
the Madison County area on June 27. The first one developed in the pre-frontal 
environment and propagated southward ahead of the front while producing 100-300 mm 
of precipitation. The second system, the main culprit for the flash flooding, drifted 
southwest and remained stationary for eight hours, producing more than 600 mm of 
rainfall along the eastern slopes of the county. They found that this flash flood was 
triggered by a weak, southward-moving cold front that drifted into the mid-Atlantic, 
while a post-frontal conditionally unstable and moist airmass drifted west from the 
Atlantic. Soundings indicated an approaching short-wave trough aloft coupled with high-
level difluence/divergence, a post frontal ribbon of relatively fast-moving high 6
 e air 
perpendicular to the mountain range, and weak middle and upper tropospheric steering 
currents. 
In a study by Maddox et al. (1977), they determined that the Big Thompson 
Canyon in Colorado, the Rapid City, South Dakota, and Fort Collins, Colorado flash 
flood events share many common characteristics. They found that all three flash flood 
events had a middle and upper-tropospheric long-wave trough positioned over the 
western United States with a negatively tilted ridge just east of the flash flood area. In 
addition, Maddox et al. (1977) found that all three events had a weak 500-mb short-wave 
trough rotating northward in the long-wave trough and approaching the area. Light south 
to southeast winds were present in the upper troposphere. All flash flood events had a 
slow moving or stationary polar front just to the south of the area and an unusually strong 
and moist easterly low-level flow. The storm environments also featured high moisture 
content through a large depth of the troposphere. Afternoon heating west of the threat 
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area and cold air advection east of the storm area increased thickness levels for the 
events. The events' environments included a narrow band of moist, conditionally 
unstable air moving southward and westward behind a polar front. The LI ranged from 
-4 to -7 for the events. 
c. Flash flooding with attendant severe weather 
A study of the Austin, Texas flash flood of May 24, 1981 by Maddox et al. (1986) 
highlighted the responsibility of the NWS to emphasize the threat of flash flooding to the 
public, even when meteorological conditions are favorable for other types of severe 
weather. When conditions became favorable for severe thunderstorms in the Austin area, 
the NWS turned most of its attention to the severe weather threat and issued a severe 
thunderstorm watch. However, flash flooding proved to be the greater threat. Thirteen 
people lost their lives to drowning after as much as 203 mm of rain fell in just 2 hours. 
Maddox et al. (1986) found that the 500-mb winds within the southern branch of the jet 
stream were light (5-15 kts) with a series of short-wave troughs within the 500-mb flow. 
The 200-mb chart indicated diffluent flow over Texas ahead of these short-wave troughs. 
The low-level air mass was moist and unstable with dewpoints > 12° C. There were no 
fronts of any significance in the area. However, there were three outflow boundaries in 
different orientations in the Austin area. An outflow boundary marks the leading edge of 
evaporationally cooled air produced by convection (Stull 2000). The outflow boundary 
separates air cooled by convection from the surrounding air. Maddox et al. (1986) 
determined that on May 23 an outflow boundary moved down through Texas. They 
stated that this feature should have stabilized the atmosphere. There was weak vertical 
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shear and small dewpoint depressions throughout the troposphere. Storms moved with 
the mean south-southwesterly flow within the 500-700-mb layer. The storms were 
preceded by intense solar radiation, which may have helped break the cap. The cap is a 
region where temperature increases with height (Stull 2000). In a capping situation the 
air below the level of the cap is trapped and unable to reach its full convective potential. 
The cap can be broken if the air below the cap gets warmer than the inversion and/or if 
the inversion cools. The LI was -8°C and -12 °C at 500 and 300-mb, respectively 
(Maddox et al. 1986). The storms were multi-cellular and trained over the same regions. 
Rogash and Smith (2000) analyzed the March 1, 1997 severe weather event that 
unfolded across eastern Arkansas and west Tennessee. This event produced at least 17 
tornadoes, three of which were F-4s. They found that flash flooding evolved in the later 
stages of the tornado outbreak and some locations received up to 152 mm of rainfall in 
three hours. Rogash and Smith (2000) also determined that the flash flood event was 
both synoptic, with a surface cold front in advance of a well-defined long-wave trough, 
and mesoscale, with a mesohigh surface boundary ahead of the cold front. Both the 500-
mb and 200-mb map indicated a slightly positively tilted trough to the west. A poorly 
defined short-wave trough was within the upper level flow. They noted that Arkansas 
was placed in the right front exit region of maximum winds in the upper-level jet (ULJ), 
which should have led to subsidence. At the surface, dewpoints ranged from 13-16°C. 
From the surface to the mid-troposphere the q ranged from 11-13 g/kg and precipitable 
water was 40.6 mm. Instability, wind shear, and moisture parameters were all favorable 
for violent tornadoes and flash flooding. An outflow boundary from the day before 
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stretched from northwest Tennessee to central Arkansas. Once storms initiated they 
tended to train over the same areas. 
On the evening of June 3-4, 1980 Grand Island, Nebraska experienced seven 
tornadoes, large hail, and flash flooding (Maddox & Doswell 1981). The mesoscale 
convective complex (MCC) responsible for the severe weather and flash flooding 
developed in Nebraska, to the south of an ongoing MCC in North Dakota. Dewpoints 
were greater than or equal to 70°F north and south of a stationary front that was draped 
from Nebraska to the Ohio Valley. A surface low was located northwest of Nebraska 
while a dryline made its way across Colorado, western Nebraska, and western Kansas. 
Maddox and Doswell (1981) found that the MCC developed just ahead of a weak, slow-
moving short-wave trough and moved through the ridge position of the nearly stationary 
large-scale pattern. They noted that the synoptic pattern was one that is more often 
associated with flash flooding and not severe weather. The MCC was in the right, front 
portion of the low-level jet (LLJ) and beneath the unfavorable left entrance of the ULJ 
when it moved through Grand Island. It was also located just to the east of a 500-mb 
ridge where there was slightly positive or neutral vorticity advection. The upper-level 
conditions changed during the night. The evening sounding for June 3 indicated the 
storms formed under weak upper-tropospheric convergence, however, the sounding for 
the morning of June 4 indicated the storms were then under an area of upper tropospheric 
divergence. 
On April 11-12, 1980 storms developed and pushed across northeast Texas, 
southern Arkansas, and eastern Mississippi with tornadoes, hail, and flash floods 
(Maddox & Doswell 1981). The 200-mb flow prior to convection consisted of a broad 
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zone of westerly 70-85 kt winds. The storms occurred in a region where the ULJ and 
LLJ intersected. Activity was at the nose of the LLJ in a region of strong vertical wind 
shear. There was no pronounced upper jet streak associated with the storms or LLJ. The 
evening sounding for April 11 indicated that the convection was at the rear of the LLJ 
max and to the east and west of the LLJ. The most intense convection was south and 
west of the ULJ streak and the storms were located in an area of weaker vertical shear 
and ahead of very weak short-wave trough. Maddox and Doswell (1981) found that the 
sounding for the morning of April 12 indicated that the upper-level pattern had 
undergone remarkable changes. Maximum winds in the upper levels were only 10 kts in 
the upward region of convection in Texas. The LLJ had split into northern and southern 
branches. Storms continued in the southern Mississippi Valley to the East Coast, well to 
the west of the southern LLJ, where max upper-level winds were in access of 130 kts. 
Strong difluence remained in the storm region and upper level difluence became most 
pronounced after convection developed. 
Tornadoes, hail, and flash flooding in the afternoon and evening of July 2-3, 1980 
struck Central Missouri, Indiana, Illinois, and Kentucky (Maddox & Doswell 1981). The 
flash flooding occurred mostly on the night of July 3. The sounding for the morning of 
July 2 indicated that convection in Missouri was occurring at the nose of the LLJ, about 
1000 km south of the ULJ streak. The 200-mb winds were anti-cyclonically curved, 
indicating the storms were beneath the upper-tropospheric ridge with weak vertical wind 
shear. This system moved southeast across Missouri and southern Illinois but new storms 
explosively formed to the east in Indiana and Kentucky. The older convection elongated 
and merged with the new cells within an hour. The sounding for the evening of the 2nd 
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indicates the storms remained under an upper-tropospheric anti-cyclone with weak 
vertical shear. Maddox and Doswell (1981) noted that the new cells that developed to the 
east were under the right exit zone of the ULJ streak, a region not often favorable for 
severe weather. The sounding for the morning of the 3rd indicated significant storms 
occurring at the nose of the LLJ, very near the upper-tropospheric ridge well south of the 
ULJ in a region of weak vertical shear. 
On July 23, 1987 Minneapolis, Minnesota experienced severe weather and flash 
flooding. As much as 255 mm of rainfall fell in 24 hours (Schwartz et al. 1989). The 
weather pattern was dominated by subtropical high pressure that covered the eastern two-
thirds of the country. The convection in Minneapolis was beneath the southern branch of 
the polar jet stream with many imbedded short waves in the west to southwest flow. 
There was a deep cyclonic low over the western Hudson Bay. Schwartz et al. (1989) 
found that dewpoints were well into the 60s, precipitable water was high (150% of 
normal), and lapse rates were steep (approaching dry adiabatic). They also found that 
there was an outflow boundary in the area that was likely left over from an MCS the 
previous night and a slow-moving cold front was approaching the area. Training of 
convection occurred parallel to the outflow boundary. This appears to have been a 
mesohigh event. Lifted indices were -8, CAPE was 3192 J/kg above level of free 
convection, and it was determined that 56 J/kg of energy would be needed to break the 
cap. The cold front was preceded by a squall line and mesohigh pressure system. 
Schwartz et al. (1989) determined that convection occurred to the rear of the mesohigh 
and appeared to be enhanced by a mesolow and outflow boundary. 
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d. Arid environment flash flooding 
During the early morning hours of July 24, 1990 an MCS moved through central 
Arizona (McCollum et al. 1995). Strong, damaging winds and flash flooding 
accompanied the MCS. According to McCollum et al. (1989), later that same morning 
another MCS developed as a result of outflow boundaries from the earlier MCS. Severe 
weather and flash flooding also accompanied this second MCS. As much as 101 mm of 
rainfall was measured with these storms. They noted that the higher terrain surrounding 
central Arizona is frequented by thunderstorms when moisture and instability are 
sufficient. Sometimes these storms propagate into the lower desert areas of central 
Arizona. 
McCollum et al. (1995) analyzed the soundings from July 24. Several hours prior 
to the MCSs a middle, upper tropospheric cut-off low was positioned over the northwest 
United States. Aloft, the flow split over the Great Basin with a stronger jet (30-60 kts) to 
the north of the weaker jet (15-40 kts). This weaker stream of west to northwest winds 
extended down across the Southwest. They noted that this is not a typical flow pattern 
for this region of the country in July. Since the cut-off low was forecast to move east and 
westerly flow was forecast to increase and dominate the synoptic pattern, forecasters 
thought that the Southwest would be stabilizing. At 850-mb a distinct cyclone and 
associated frontal zone were located over the northwest United States, and a weak trough 
extended down from central Nevada to the Baja of California. A low-level southerly 
flow was present ahead of this trough over the Colorado River Basin, the Sonoran Desert, 
and the Gulf of California. The sounding at Tucson showed a deep, warm, dry layer of 
air below 550-mb, a LI of +1, and a weak southeasterly flow below 500-mb. In addition, 
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a west to northwest flow was present above 550-mb that indicated dry upper-level air 
associated with the midlatitude westerlies. This upper-level airmass was impinging 
southward above a lower level flow associated with the subtropical monsoon regime. 
McCollum et al. (1995) found that the sounding indicated little potential for convective 
storms around Phoenix. In addition, weak, southerly to southwesterly winds (10 kts or 
less) were present at 700-mb. 
McCollum et al. (1995) determined that the mountain storms probably developed 
as a result of daytime heating and rapidly increased and intensified after sunset. These 
storms were located over the foothills north and northeast of Phoenix and grew toward 
the south. After 12Z the storm quickly weakened and new storms developed north of 
Tucson and quickly became the second severe MCS. This second MCS also moved 
south. They also concluded that the storms likely formed as result of a dramatic increase 
in moisture with q increasing with height from the surface to 700-mb. There was also an 
increase in the depth of the layer of surface-based air that was well mixed in both 
temperature and moisture after the time of maximum heating. The storm activity 
dramatically increased as the low-level winds increased in speed and veered during the 
early night, advecting moisture from the southwest (from the Gulf of California and 
Pacific Ocean) into the Phoenix area. 
This research intends to find that eight southern Appalachian flash flood events fit 
the Maddox framework (Maddox et al. 1979). Many of the above-mentioned studies do 
not directly fit Maddox's framework. However, the studies provide further insight into 
the conditions that may lead to flash flooding. Furthermore, many of the events 
contained large amounts of precipitation and were rather phenomenal events. In this 
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study, the flash flood events are generally typical flash flood episodes that can generally 
occur on an annual basis in the southern Appalachians. In the following two chapters, 
parameters will be analyzed for the cool- and warm-season flash flood events, 
respectively. 
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CHAPTER 4 
ANALYSIS OF COOL-SEASON EVENTS 
4.1 SYNOPTIC SCALE 
a. The 500-mb and daily weather maps 
Dynamically, the location of a negatively tilted 500-mb trough and the surface 
low ahead of this trough play a critical role in the development of storms. These troughs 
at the large scale can initiate sufficient instability for the development of meso-scale 
intense rain-producing storms by advecting colder air in the upper levels and warmer air 
at the surface (Carlson 1998). Daily weather synoptic data of the large-scale setting 
indicate that during all four cool-season events a deep 500-mb trough was located in the 
central United States, placing the southern Appalachians on the east side of a 500-mb 
trough (NOAA 2004). This means the southern Appalachians were on the warmer, more 
unstable side of the trough where southerly winds dominate (Figure 4.1). Three of these 
troughs were negatively tilted with surface lows to their east (Figure 4.2). February 1995 
showed a slightly positively tilted trough. In other words, the large-scale settings for 
these meso-scale events were in agreement with several other severe flash flooding 
events in the western mountains (Maddox 1978, Lin et al. 2001). The daily weather maps 
also indicate that two events were synoptic and two events were frontal, as defined by 
Maddox et al. (1979) (Figures 4.3-4.4). In addition, daily weather maps indicate cold air 
damming was taking place for the January 18, 1996 event. Cold air damming occurs 
when a shallow, cool/cold airmass advects southward along the eastern slopes of the 
Appalachian Mountains (Brennan & Lackmann 2003). Cold air damming can decrease 
precipitation amounts by evaporating the precipitation as it falls through the cooler, drier 
air. Cold air damming led to early morning freezing rain from evaporational cooling on 
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January 18, 1996. The cold air quickly eroded as warm air advected into the region and 
precipitation increased in intensity. By the evening of January 18, flash flooding was 
occurring. 
Figure 4.1 Surface daily weather map showing warm January (1998) temperatures 
for the eastern third of the nation. Lines represent the lines of the 500-
mb trough. Source: NCDC (2004) 
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Figure 4.2 500-mb weather map for January 26,1996. The negatively 
tilted trough is typical for the cool-season events. 
Source: NCDC (2004) 
wg&mMMia ntkfmft 
Figure 4.3 The daily weather map for Feb. 1995. The map shows 
a qausi-stationary frontal system draped across the southern 
Appalachians. Source: NCDC (2004) 
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Figure 4.4 The daily weather map for January 18, 1996. The map 
indicates a synoptic pattern with a frontal system to 
the west. Note cold air damming taking place on the eastern 
side of the mountains. Source: NCDC (2004) 
An analysis of 500-mb absolute vorticity and 500-mb and 700-mb geopotential 
heights did not clearly indicate the presence of short-wave troughs within the long-wave 
flow (Figure 4.5). In fact, all four cool-season storms were located on the east side of a 
long-wave trough. An analysis of the vertical velocities, however, indicated that for all 
four cool-season storms the southern Appalachians were near or in a "bullseye" of 
increased vertical velocities at the time of the flash flooding (Figure 4.6). In addition, 
both 500 and 700-mb maps indicate positive vorticity advection was taking place in the 
southern Appalachians for all four events. This is also reflected by the vertical velocity 
increases for all four events. In other words, this suggests that the air in the vicinity of 
the southern Appalachians was conducive to precipitation-producing processes. 
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Figure 4.5 Typical 500-mb absolute vorticity map for the four cool-season 
storms. Source: NCDC (2004) 
Vcrticd velocity/Analysis for OOZ 19 JAN 96 Abs Vorticity/Analysis for 00Z 19 JAM 
Figure 4.6 The 500-mb vertical velocity map for the evening of January 18, 
1996. The southern Appalachians are close to a "bullseye" of 
maximum vertical velocities. Source: NCDC (2004) 
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b. Wind profiles for the cool-season storms 
The station soundings of pre- and during-storm winds for the four cool-season 
storms indicated south-southeasterly, and southwesterly winds from surface to the middle 
troposphere, respectively. These winds were able to advect moisture into the southern 
Appalachians from the Atlantic Ocean and/or Gulf of Mexico. Soundings also indicated 
predominantly southwesterly winds at the 925 and 850-mb levels that could advect 
moisture from the Gulf of Mexico. Wind speeds at the 925-mb level range from 15 to 35 
kts (Table 4.1). Wind speeds at the 850-mb level range from 25 to 55 kts. All 
indications are that a low-level jet was responsible for the 55 kts at 850-mb for February 
1995 (see also Sjostedt et al. 1990). This is the only storm to exhibit the presence of a 
low-level jet (Figure 4.7). This low-level jet, with its higher wind speeds, likely advected 
warm, moist air into the region from the Gulf of Mexico and the soundings support this 
theory. A veering and strengthening of wind with height, especially in the storm 
environment, can be identified for all four cool-season events, indicating further 
strengthening of instability and potential for precipitation (Table 4.1). Other studies of 
Appalachian flash flooding have found similar wind profiles (Barros & Kuligowski 1997; 
Hunter & Boyd 1998). It should also be noted that previous studies of flash flooding in 
the west have also found similar large-scale settings (Maddox 1978, Lin et al. 2001). 
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Table 4.1 Pre-storm (PS) and during storm (S) wind direction (WD) and speed (WS) (kts) 
from near the surface to the mid-troposphere. Winds indicating the low level 
jet are bolded. 
925-mb 
WD/WS 
850-mb 
WD/WS 
700-mb 
WD/WS 
500-mb 
WD/WS 
Date PS S PS S PS S PS S 
F e b . 16 , 
1 9 9 5 
215725 220720 220755 234740 240735 255750 240760 255750 
Jan. 19 , 
1 9 9 6 
145725 165735 170740 180745 195745 200740 220735 200750 
Jan. 2 6 , 
1 9 9 6 
205715 135735 200730 170745 235730 210745 245745 250745 
Jan. 7, 
1 9 9 8 
200720 175735 205725 190740 200725 200755 230725 205765 
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Figure 4.7 Pre-storm sounding for February 1995. The low-level jet is circled. 
Source: NCDC (2004) 
92 
c. Temperatures (T) and dewpoint depressions (Tdd) 
The Tad at 925, 850, 700, and 500-mb vary for each storm (Table 4.2). The 
sounding from Greensboro indicates that Tdd at 850-mb fell from the low to mid 20s °C 
to at or near 0 °C for January 18, 1996 and January 26, 1996 (Figure 4.8). This indicates 
rapid moistening of the lower atmosphere. The during storm Tdd ranged from 0 to 2°C at 
850-mb, 1 to 5°C at 700-mb, and 2 to 21 °C at 500-mb. In addition, the Tdd during the 
February 1995 and January 18, 1996 events were less than or equal to 5 °C at the 500-mb 
level. Temperatures generally warmed at all levels from the pre-storm to storm 
environment, allowing the air to increase its water holding capacity (Table 4.2). 
However, temperatures continued to decrease with height with 500-mb readings 24-27°C 
colder that the 925-mb temperature readings. These lapse rates increase instability by 
allowing the parcels to rise further and faster into the atmosphere. This instability, 
coupled with adequate moisture and surface convergence, led to heavy rainfall and flash 
flooding. 
Table 4.2 Pre-storm (PS) and storm (S) temperatures (T) and dewpoint depressions (Tdd) 
in Celsius from near the surface to the mid-troposphere. 
925-mb 850-mb 700-mb 500-mb 
T/ Tdd T/ Tdd T/ Tdd T/ Tdd 
Date PS S PS s PS s PS S 
Feb. 16, 
1995 
5/1 12/1 11/1 11/1 2/1 2/2 -15/6 -13/5 
Jan. 19, 
1996 
11/1 15/0 8/26 11/1 0/5 1/5 -15/15 -12/21 
Jan. 26, 
1996 
-1/13 8/1 -1/24 5/0 -5/20 -2/5 -22/18 -16/2 
Jan. 7, 
1998 
15/0 17/1 12/0 13/2 
• • • • • 
3/6 4/1 -12/24 -10/10 
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a) 
W*>72317 1P.220 MV«02 FRZ:777 
PtOSO FH887 MAX7:17.4 M5499 L575.1 i<xm> LtZ-8 3:7.4 TT.-41 1420 S#:J33 
az? 
-PARCEL-CfiPiM CNUH90 La«» CAW2.8 LFC—1 
-WWD-STVt24l/J4 l£L:1038 SHR+0.0 S®S»7 &KU BW.0.1 BSHR401 
b) 
Figures 4.8 a) Pre-Storm Greensboro sounding for January 26, 1996, and b) 
storm environment sounding from Greensboro. T^ dropped 
significantly from the pre-storm to storm environments. 
Source: NCDC (2004) 
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d. Precipitable water (PW), mixing ratio (q), and relative humidity 
Precipitable water (PW) for the four cool-season storms had a wide range of 
values (Table 5). Pre-storm environment station data shows PW values for all four 
storms varied from 4.32 mm to 34.04 mm. January 1998 had the highest pre-storm PW 
(32.51 mm) and storm-environment (34.04 mm) PW values. January 18, 1996 had the 
lowest pre-storm and storm-environment PW values of 4.32 mm and 22.86 mm, 
respectively. This storm also had one of the highest pre-storm Tdd, 24 °C, at 850-mb. 
However, as noted above, the Tdd decreased to 1 °C during the storm, which was reflected 
in a rapid rise of PW from 4.32 mm to 22.86 mm (Table 5). January 26, 1996 had a PW 
value of 18.54 mm. January 1998 and February 1995 showed only slight changes in PW 
from the pre-storm to storm environments, which indicates moisture advection was 
already underway in their pre-storm environments. 
All but one storm had a pre-storm PW value that was above that date's average 
PW amount. In fact, two of the storms' pre-storm PW values were more than 100% 
above the average PW. Furthermore, February 1995 was nearly 175% above the average 
PW for that date. All four storms were greater than 100% above the date's average PW 
value in the storm environment. In the pre-storm environment January 26 was 57% 
below the date's average PW value. Within 12 hours, the storm environment had a PW 
value that was 129% above the date's average PW value. This once again demonstrates 
how rapidly and significantly the cool-season environment can moisten. 
An analysis of q indicates a pattern similar to the PW patterns (Tables 4.3-4.4). 
For example, January 1998 had the highest pre-storm and storm PW and q. It is also 
notable that the storm's precipitation totals follow the PW and q in order from the highest 
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total precipitation to the least (Table 4.4). The relative humidity values in the storm 
environment reflect the q values (Table 4.5). In fact, relative humidity values generally 
indicate a very moist atmosphere throughout a deep part of the atmosphere. These 
findings fit the Maddox framework (Maddox et al. 1979). The 850-mb q values compare 
well to Barros and Kuligowski's (1997) study of a cool-season southern Appalachian 
flash flood event. The total precipitation produced far exceeds the PW values. This is a 
product of the moisture advection, moisture convergence, and shear that was in place for 
each event (Stull 2000). 
Table 4.3 Precipitable water (mm), the percentage above normal PW for that 
date, and the total precipitation produced for the cool-season storms. 
Date Pre-
storm 
(mm) 
Percent 
Above/Below 
Normal 
Storm 
(mm) 
Percent 
Above/Below 
Normal 
Rainfall 
Reported 
(mm) 
Feb. 16, 
1995 
29.97 114% 30.99 121% 179 
Jan. 19, 
1996 
18.54 43% 28.96 123% 25-50 
Jan. 26, 
1996 
4.32 -57% 22.86 129% 76-102 
Jan. 7, 
1998 
32.51 171% 34.04 184% Up to 
381 
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Table 4.4 Pre-storm and storm q (g/kg) from near the surface to the 
mid-troposphere for the cool-season storms. 
925-mb 850-mb 700-mb 500-mb 
(g/kg) (g/kg) (g/kg) (g/kg) 
Date PS S PS S PS S PS S 
Feb. 16, 
1995 
6.1 9.6 9.9 10.0 6.5 2.9 2.4 0.3 
Jan. 19, 
1996 
8.9 11.4 
* 
7.7 7.6 5.6 6.4 2.3 2.0 
Jan. 26, 
1996 
3.9 1A 4.2 6.3 3.9 4.5 1.4 2.2 
Jan. 7, 
1998 
11.8 13.0 
!fifl»il 
10.1 11.4 7.0 7.1 3.1 3.7 
Table 4.5 Pre-storm and storm relative humidity from near the surface to the mid-
troposphere for the cool-season storms. 
925-mb 
% 
850-mb 
% 
700-mb 
% 
500-mb 
% 
Date PS S PS S PS S PS S 
Feb. 16, 
1995 
96 96 93 93 
•jpl* 
92 84 60 66 
Jan. 18, 
1996 
91 97 14 96 70 70 27 16 
Jan. 26, 
1996 
37 91 14 97 19 70 18 82 
Jan. 7, 
1998 
98 95 97 89 65 91 65 44 
e. 850-mb 9e troughs and ridges 
Theta-e (9
 e) can provide guidance in identifying areas of moisture convergence. 
6e considers both temperature and moisture. An 850-mb 9 e ridge indicates moisture and 
temperature advection into an area. In fact, the orientation of the 9
 e trough or ridge 
indicates the direction of temperature and moisture advection. For example, the 850-mb 
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6
 e weather map showed that January 26, 1996 had a 6 e ridge extending northward from 
the Gulf of Mexico toward the southern Appalachians, which indicated temperature and 
moisture advection from the Gulf of Mexico (Figure 4.9). Typically, a 6
 e ridge suggests 
significant moisture convergence. It is found that, in the vicinity of the storm, 850-mb 
d e ridge patterns dominated the four cool-season events (Table 4.6). Pre-storm synoptic 
data also show a 6 e ridge pattern for January 1998, February 1995, and January 1996 
(Figure 4.10). Only January 26, 1996 had a 6
 e trough pattern prior to the flash flood 
event. January 1998 and February 1995 had the most pronounced pre-storm ridges. 
These storms also had the highest pre-storm Tdd and PW values (Tables 4.2 & 4.3). 
January 1998's pre-storm 6 e ridge extended from the coast of South Carolina 
northwestward to southern Indiana. February 1995's pre-storm 6 e ridge extended from 
the Louisiana coast northeastward to West Virginia. The crest of a 6
 e ridge that 
extended from southern Florida northward to the southern Appalachians was present in 
the pre-storm environment of January 18, 1996. Also, at this time the southern 
Appalachians were sandwiched between a 6 „ trough to their west that extended from 
Ohio to the central Gulf coast and a 6 e trough that extended down through the Carolina's. 
January 26, 1996 had a 6 e low located in central North Carolina that had a trough that 
extended to central Florida. All four storms had 6
 e ridges in place during the storm. 
January 1998, January 26, 1996, and February 1995 had very pronounced storm 
environment 6
 e ridges that extended from the Atlantic Ocean west to northwestward 
across the southern Appalachians. January 18, 1996 had the most pronounced during 
storm 6
 e ridge that extended from the Gulf coast northward to Michigan. 
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850 mb Equiv potential temp (K) WXP analysis for OOOOZ 27 JAN 96 
INTERVAL: 2.0 LO: 262.5 HI: 343.8 
Figure 4.9 850-mb 6
 e ridge, extending northward from the Gulf of Mexico 
toward the southern Appalachians on January 26, 1996. 
A 6 e ridge was in place for all four cool-season events. 
Source: NCDC (2004) 
850 mb Equiv potential temp (K) WXP analysis for 1200Z 7 JAN 98 
INTERVAL: 2.0 LO: 266.3 HI: 339.6 
Figure 4.10 Pre-storm 850-mb 6
 e ridge, extending northward from the Gulf of 
Mexico toward the southern Appalachians on January 7, 1998. 
Source: NCDC (2004) 
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Table 4.6 850-mb 6 e troughs and ridges, K-index (KI), and lifted 
index (LI) for the cool-season storm's pre-storm (PS) and 
storm (S) environments. 
9 e KI LI 
Date PS S PS S PS S 
Feb. 16, 
1995 
Ridge Ridge 
mmm 
35 32 14.3 8.0 
Jan. 18, 
1996 
Trough Ridge 16 24 
H H B f i 
5.9 6.5 
Jan. 26, 
1996 
Ridge Ridge -24 20 20.9 12.8 
Jan. 7, 
1998 
Ridge Ridge 29 30 0.6 0.6 
/ . K-index (KI) 
K-index is typically a parameter only used for warm-season storms. Values 
greater than 30 indicate an unstable atmosphere and values greater than 38 indicate the 
potential for heavy rainfall and flash flooding. The February 1995 and January 1998 
flash flood events showed K-index values very similar to the warm-season flash flood 
events. Both storms had pre-storm and storm environment K-index readings that could 
indicate the potential for heavy rainfall, especially in the cool season (Table 4.6). These 
unseasonably high K-index readings further show the extent of the warm air and moisture 
advection that was taking place with these storms. K-index is a calculation that involves 
the temperatures and dewpoints from 850 to 700-mb (Djuric 1994). The greater the 
moisture at the lower levels, coupled with instability, the more potential there is for heavy 
rainfall and flash flooding (Chaston 2002). Since K-index is typically a warm-season 
variable, the low K-index values found in this research were expected. 
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g. Lifted index (LI) 
LI is a measure of the difference between the environmental and parcel 
temperatures at the 500-mb level. Negative LI index values indicate an unstable 
environment. Positive LI values indicate a stable environment. Therefore, the steeper the 
lapse rate, the more negative LI will be and vice versa (Djuric 1994). Three of the four 
cool-season storms had LI values that were positive in both the pre-storm and storm 
environments (Table 4.6). In fact, LI gave little indication of a flash flood potential for 
any of the four storms. However, Hunter and Boyd (1998) found similar LI values in 
their study of a cool-season, southern Appalachian event. 
In order to get a better picture of the flash flood environment for the four cool-
season events, an analysis of the mesoscale environment is necessary. The nearest 
sounding site is more than 200 km to the east. Therefore, NARR data, daily weather 
maps, and radar were used for the mesoscale analysis. 
4.2 MESOSCALE 
a. Radar and orographic influence. 
An analysis of the radar data indicates a strong correlation between topography 
and cool-season flash flooding (Figure 4.11). Of the eight counties that experienced flash 
flooding in the cool-season storms, only one did not see flash flooding occurring in close 
proximity to that county's highest elevations. In addition, all but one cool-season flash 
flood event occurred on the eastern slopes of the mountains in North Carolina. The 
strong southeast surface winds likely enhanced the precipitation on the eastern side of the 
mountains. Radar data also indicates an enhancement of precipitation on the higher 
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elevations as the precipitation moves from southwest to northeast. In addition, the 
precipitation associated with the cool-season storms covered a very broad area (Figure 
4.12). Precipitation typically begins as a widespread light to possible moderate 
precipitation event. A line of convection associated with the frontal passage would 
follow this lighter activity. In some instances, the flash flooding reported was directly 
associated with this line of heavier convection and precipitation. The other incidences of 
flash flooding were from heavier downpours that developed within the more widespread, 
light precipitation. In both instances, the preceding lighter activity likely had saturated 
the soils, which made conditions ripe for flash flooding. 
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Figure 4.11 Cool-season NARR data site locations, represented by the dots, overlain on 
an elevation map. Source: Modified elevation map from Gaffin & Hotz 
(2000) 
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Figure 4.12 Radar image from February 1995 flash flood event. A stationary 
cold front produced widespread light to moderate precipitation fell 
on and to the east of the Chattanooga area for more than 24 hours. 
The heavier downpours ( red) are occurring near the higher peaks of 
those counties. Source: NCDC (2004) 
b. NARR Wind profiles. 
NARR mesoscale sounding data indicates that southeasterly to southwesterly winds 
dominated all four cool-season storms (Table 4.7). February 1995 data is unavailable for 
this storm. The pre-storm environments at the 925- and 850-mb levels consisted of south 
to southeasterly winds in all four storms. The wind speeds at the 925-
mb level ranged from 12 to 20 kts, while the wind speeds at the 850-mb level range from 
22 to 45 kts. The storm environment winds at both the 925 and 850-mb levels continued 
to indicate southeasterly winds, though at greater speeds than in the pre-storm 
environment. Pre-storm to storm wind speeds generally increased by 5 kts at the 925-mb 
level, while wind speed increases of 5-20 kts were common at the 850-mb level. Winds 
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tended to be more southerly at the 850-mb level. Pre-storm winds at the 700-mb level 
were south to southwesterly and ranged in speeds from 27 to 42 kts. However, winds for 
the storm environment at 700-mb were all southwesterly and increased in speed 42 to 73 
kts. Winds at the 500-mb level were all southwesterly for both the pre-storm and storm 
environments with speeds of 32 to 68 kts. The winds increased with height for all four 
storms. In addition, the winds veered with height from a generally southeasterly to 
southwesterly fashion. It is interesting that there were no northeasterly or northwesterly 
winds found in any of the storms. The wind shear is an indication of the instability 
present in all four storms. This shear allows the environment to remain moist and 
favorable for lifting. These conditions are conducive for heavy precipitation. The NARR 
wind profiles are comparable to the upper air sounding wind profiles. 
Table 4.7 Pre-storm (PS) and storm (S) environment NARR wind directions (WD) and 
speeds (WS) (kts) from near the surface to the mid-troposphere. 
925-mb 850-mb 700-mb 500-mb 
(WD/WS) (WD/WS) (WD/WS) (WD AYS) 
Date Locations PS s PS s PS s PS s 
Feb. 16, 
1995 
Robinsville, NC 
Old Fort, TN 
/ / 
—-/40 
—/41 
—-/30 
— / 2 8 
/40 IAT) / 
— / 6 3 
—-/65 — / . — . „ . / .— — / 3 8 —/43 . . . / . — 
Jan. 19, 
1996 
Montreal, NC 135/14 175/22 175/36 180/45 180/42 200/63 225/32 215/62 
Flat Springs, NC 135/24 175/29 135/45 180/51 190/42 215/66 225/32 225/61 
Zionville, NC 135/20 135/23 170/40 175/47 180/41 200/63 225/32 225/58 
Jan. 26, Asheville, NC 170/18 170/25 200/37 180/54 225/28 225/73 225/43 225/59 
1996 
Pensacola, NC 170/17 170/27 215/36 180/58 225/27 225/71 225/44 225/56 
Jan. 7, 
1998 
Bryson City, NC 180/12 170/17 180/28 170/35 200/35 215/54 225/39 225/67 
Newland, NC 180/14 170/17 180/25 170/35 200/30 225/54 225/34 225/67 
Cane River, NC 180/13 170/20 190/26 170/42 220/30 225/57 225/34 225/65 
Boone, NC 180/13 135/19 220/22 170/41 225/29 215/59 225/34 225/68 
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c. NARR temperatures (T) and dewpoint depressions (Tdd) 
The temperatures and Tdd for all four storms indicate unstable environments 
(Table 4.8). Temperatures decreased with height in the storm environments for all four 
storms. Storm environment temperatures were generally in the teens Celsius, while 500-
mb storm temperatures were around -10°C. Temperatures for all four storms warmed (as 
much as 6°C) at all levels from the pre-storm to storm environments. In addition, 
dewpoint depressions generally dropped at all levels from the pre-storm to storm 
environments. The rise in temperature and decline in Tdd further confirms the advection 
of moister air into the regions at all levels. The most substantial Tdd reductions occurred 
with the January 18 and January 26, 1996 storms (Figure 4.13). In this storm, Tdd 
reduced to around 10°C from the pre-storm to storm environment at the 925, 850 and 
700-mb levels. 
Table 4.8 Pre-storm (PS) and storm (S) NARR temperatures (T) and dewpoint 
depressions (Tdd ) at 925, 850, 700, and 500-mb. 
925-mb 850-mb 700-mb 500-mb 
T/Tdd T/ Tdd T/Tdd T/Tdd 
Date Locations PS S PS S PS S PS S 
Feb. 1995 Robinsville, NC 11/0 15/1 11/0 11/2 3/3 -13/2 -12/3 
Old Fort, TN 14/0 12/0 11/3 3/3 -13/2 -12/3 
Jan. 19, 1996 Montreat, NC 8/1 13/0 7/2 10/0 1/6 2/4 -15/15 -11/9 
Flat Springs, NC 9/2 12/0 8/4 11/1 2/8 3/7 -15/14 -11/11 
Zionville, NC 9/1 14/0 7/3 11/0 2/9 2/6 -15/15 -10/18 
Jan. 26. 1996 Asheville, NC 0/7 6/0 0/10 4/0 -4/11 0/0 -20/7 -14/2 
Pensacola, NC 0/11 5/1 1/11 0/3 -5/11 0/1 -21/7 -15/2 
Jan. 1998 Bryson City, NC 16/0 17/2 12/0 13/2 4/2 4/3 -10/2 -10/3 
Newland, NC 16/0 12/0 12/0 4/3 4/3 -11/5 -10/4 
Cane River, NC 15/0 17/1 12/0 13/1 4/3 4/3 -11/4 -10/3 
Boone, NC 16/0 12/1 13/1 4/3 4/3 -12/5 -9/5 
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Figure 4.13 a) Pre-storm and b) storm-environment NARR data for January 18, 
1996. 
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d. NARR precipitable water (PW), mixing ratios (q), and relative humidity 
PW and q generally increased for all four storms from the pre-storm to storm 
environments. Three of the four storms had pre-storm PW values that were above the 
average PW value for that date (Table 4.9). January 26, 1996 had pre-storm PW values 
that were 18-27% below the average PW value for that date. The January 7, 1998 storm 
had the highest pre-storm PW values, ranging from 37.2-41.2 mm, and the highest above 
average PW values of more than 200% above average PW values for their dates (Figure 
4.14). In the storm environment, all four storms had well above average PW values for 
their dates. PW values ranged from 25.1 mm to 42.8 mm. In addition, all storms were 
more than 100% above the date's average PW value with values ranging from 125% to 
257% above the average PW value for that date. The q values reflect the PW trends and 
generally increased for all four storms from the pre-storm to storm environments at all 
levels (Table 4.10). The q decreased with height with each storm. This is a reflection of 
the colder temperatures with height and their decreasing water-holding capacities. The q 
values indicate sufficient moisture for heavy precipitation. This is also reflected with the 
relative humidity values (Table 4.11). Both q and relative humidity values generally 
indicate sufficient atmospheric moisture for heavy precipitation. These NARR values, 
like the GSO sounding, compare well with Barros and Kuligowski (1997). 
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Table 4.9 NARR precipitable water (mm), the percentage above normal PW values for 
that date, and total precipitation produced for the cool-season months. 
Date Location Pre- Percent Storm Percent Rainfall 
storm Above/Below (mm) Above/Below Reported 
(mm) Normal Normal (mm 
Feb. 1995 Robinsville, NC 35.3 152% 179 
Old Fort, TN 35.4 153% 35.4 153% 179 
Jan. 19, Montreat, NC 20.7 59% 31.3 141% 25-50 
1996 Flat Springs, NC 16.9 30% 29.8 129% 25-50 
Zionville, NC 18 38% 29.2 125% 25-50 
Jan. 26, Asheville, NC 8.2 -18% 28 180% 76-102 
1996 Pensacola, NC 7.3 -27% 25.1 151% 76-102 
Jan. 1998 Bryson City, NC 41.2 243% 41.4 245% Up to 381 
Newland. NC 37.2 210% 41.7 248% Up t o 381 
Cane River, NC 37.8 215% 40.7 240% Up t o 381 
Boone, NC 38.1 218% 42.8 257% Up to 381 
Table 4.10 NARR pre-storm and storm q (g/kg) from near the surface to the 
mid-troposphere for the cool-season storms. 
925-mb 850-mb 700-mb 500-mb 
(g/kg) (g/kg) (g/kg) (g/kg) 
Date Locations PS S PS S PS S PS S 
Feb. 1995 Robinsville, NC 11.2 8.5 5.4 2.5 2.4 
Old Fort, TN 11.2 8.2 5.2 2.5 2.4 
Jan. 19, 1996 Montreat. NC 6.7 6.4 3.8 4.7 0.6 1.5 
Flat Springs, NC 6.7 5.9 9.3 3.3 4.1 0.7 1.2 
Zionville, NC 7.1 6.2 9.6 3.4 4.0 0.6 0.7 
Jan. 26, 1996 Asheville, NC 2.4 6.4 2.0 1.7 — 0.8 2.0 
Pensacola, NC 1.8 5.7 1.2 5.5 1.6 — 0.7 2.1 
Jan. 1998 Bryson City, NC 11.9 10.5 9.5 6.4 5.9 2.8 2.9 
Newland, NC 12.4 10.7 5.8 5.9 2.2 2.6 
Cane River, NC 11.6 12.3 10.3 10.5 5.9 5.8 2.4 2.7 
Boone. NC 12.7 10.1 10.8 5.7 6.1 1.9 2.5 
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Table 4.11 NARR pre-storm and storm relative humidity (%) from near the surface to the 
mid-troposphere for the cool-season storms. 
925-mb 850-mb 700-mb 500-mb 
Date Locations PS s PS S PS S PS S 
Feb. 
1995 
Robinsville, NC 
Old Fort, TN — 
100 
— 
83 
— 
75 
75 
88 82 
Jan. 19, Montreat, NC 91 84 — 64 73 24 47 
1996 
Flat Springs, NC 83 75 95 51 62 28 37 
Zionville, NC 89 82 100 54 62 26 21 
Jan. 26, Asheville, NC 58 98 43 42 — 54 82 
1996 
Pensacola, NC 44 94 24 96 43 . . . 52 85 
Jan. Bryson City, NC 88 100 87 86 82 85 78 
1998 
Newland, NC : 99 99 80 83 70 68 
Cane River, NC 100 95 98 95 80 79 74 73 
Boone, NC — 99 100 99 79 83 63 68 
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Figure 4.14 a) The pre-storm and b) storm-environment NARR data for January 
1998. Both the pre-storm and storm-environments were quite moist. 
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e. NARR K-Index (KI) 
NARR KI values generally do not indicate the potential for heavy precipitation 
for the cool-season storms (Table 4.12). February 1995 and January 1998 showed KI 
readings in the lower 30s, indicating some instability. Both the 1996 storms had KI 
readings in the 20s, indicating a more stable environment. KI values greater than 38 
indicate the potential for heavy precipitation (Chaston 2002). None of the cool-season 
storms ever showed KI readings that would have indicated heavy precipitation. As noted 
previously, K-indices are usually used for warm-season events. Therefore, these K-index 
findings were expected. 
Table 4.12 NARR K-index, and lifted Index (LI) for the cool-season 
pre-storm (PS) and storm (S) environments. 
K-index LI 
Date Location PS S PS S 
Feb. 16, 1995 Robinsville, NC 33 3 
Old Fort, TN 36 34 7 4 
Jan. 19, 1996 Montreat, NC 20 27 8 3 
Flat Springs, NC 18 26 8 2 
Zionville, NC 18 8 1 
Jan. 26, 1996 Asheville, NC 0 21 18 11 
Pensacola, NC 6 20 21 13 
Jan. 7, 1998 Bryson City, NC 32 32 -3 -3 
Newland, NC 32 32 0 -1 
Cane River, NC 32 31 -1 -1 
Boone, NC 31 33 -1 -2 
f . NARR Lifted Index (LI) 
NARR LI values indicated meager instability for all but one of the cool-season 
storms (Table 4.12). Only January 1998 showed LI values that were negative, indicating 
an unstable environment. The other three storms showed positive LI values. In fact, 
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while February 1995 and January 18, 1996 showed LI values ranging from 1-4 (meagerly 
unstable), January 26, 1996 showed LI values of 11-13 (very stable). Positive LI values 
indicate a lack of buoyancy in the atmosphere, an essential element in the production of 
heavy precipitation. LI values of at least -2 are generally associated with showers (Djuric 
1994). 
In summary, all four cool-season events had many of the same characteristics. A 
strong, deep 500-mb long-wave trough was located just west of the southern 
Appalachians and three of the storms had negatively tilted troughs. Two of the events 
were synoptic and two were frontal (Maddox et al. 1979). There was no indication of the 
influence of short-wave troughs in all four events. Soundings and NARR data of the 
wind profiles for the four storms indicate strengthening and veering winds from the pre-
storm to storm environments. The winds brought warm, moist air into the region from 
the Atlantic Ocean and Gulf of Mexico. These warm, moist winds lowered dewpoint 
depressions, sometimes significantly. In fact, two of the cool-season storms' dewpoint 
depressions dropped more than 20°C from the pre-storm to storm environments. NARR 
data indicated a dewpoint depression drop of as much as 10°C from the pre-storm to 
storm environments for the same event. One event had wind profiles that may indicate an 
850-mb low-level jet. PW, q, relative humidity values, and the presence of theta-e ridges 
all indicate a moist atmosphere though a deep layer of the atmosphere in all four cool-
season storm environments. Maddox et al. (1979) found similar results with other flash 
flood events. The strong vertical velocities indicate the warm, moist air was being 
adequately lifted to produce precipitation. Furthermore, radar indicates that widespread 
precipitation fell throughout the region and, at times, fell repeatedly over the same areas 
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and with varying intensities. Radar also indicated the heaviest precipitation fell near the 
highest elevations. K-indices and LI generally did not indicate favorable conditions for 
flash flooding. These findings are somewhat consistent with Maddox's findings 
(Maddox et al. 1979; Maddox et al. 1977; Maddox et al. 1986; Maddox et al. 1978). In 
the following chapter the four warm-season storms will be analyzed. 
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CHAPTER 5 
ANALYSIS OF WARM-SEASON EVENTS 
5.1 SYNOPTIC SCALE 
a. The SOOmb and daily weather maps 
The daily synoptic data for all four warm-season flash floods indicate that weak 
500-mb troughs and ridges dominated these events. July 1999 and August 2001 showed 
weak 500-mb ridge patterns (Figure 5.1). This pattern placed the southern Appalachians 
under weak high pressure and rather stable conditions. Warm, humid weather existed 
over a large area in and around the southern Appalachians (Figure 5.2). For July 1995 
the southern Appalachians were located on the eastern side of a weak 500-mb trough. 
This trough was most pronounced over the Rockies. June 2001 also showed a 500-mb 
trough pattern that was digging down through the Tennessee valley and into the Gulf of 
Mexico (Figure 5.3). This trough encompasses the eastern half of the nation. The 
highest winds for this trough rarely exceed 40 kts (NOAA 2004). The weakness of each 
trough indicates weak temperature and/or moisture advection into the area. These weak 
winds aloft, for both the ridges and the troughs, allowed the storms to move very slowly 
or stationary. Other studies have found similar 500-mb conditions (Pontrelli et al. 1999; 
Maddox et al. 1977; Maddox et al. 1979; Maddox et al. 1977; Maddox et al. 1986; 
Maddox et al. 1978). 
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Figure 5.1 The daily weather map for August 4, 2001. Two of 
the events developed in a ridge patterns such as this one. 
Source: NCDC (2004) 
Surface All data 
Figure 5.2 Surface analysis for the time of the June 2001 event. Source: NCDC (2004) 
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Figure 5.3 The 500-mb map for June 22, 2001. Two of the events developed in a 
trough pattern such as this one. Source: NCDC (2004) 
Each of the four warm-season events were identified by Maddox's definitions of 
synoptic, frontal, and mesohigh (Maddox et al. 1979). June 2001 and August 2001 were 
synoptic front events (Figure 5.4). July 1999 was a synoptic-high event (Figure 5.5). 
The daily weather map for July 1999 shows high pressure in control of the southern 
Appalachians. July 1995 was a frontal event with a stationary front draped from North 
Carolina to Georgia and back into Mississippi (Figure 5.6). The daily weather maps for 
June 2001 and August 2001 show a slow-moving cold front extending down through the 
Ohio Valley to the Tennessee Valley and southern Mississippi and into Texas (NOAA 
2004). 
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Figure 5.4 The daily weather map for June 22, 2001. A synoptic 
frontal system is approaching the southern Appalachians from 
the west. Source: NCDC (2004) 
Figure 5.5 The daily weather map for July 1999. High pressure 
is in control of the eastern third of the United States. 
Source: NCDC (2004) 
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Figure 5.6 The daily weather map for July 1995. A quasi-stationary 
front triggered convection that brought flash flooding to the 
southern Appalachians. Source: NCDC (2004) 
An analysis of the 500-mb absolute vorticity and 500-mb and 700-mb 
geopotential heights indicates that only one warm-season event, July 1995, was directly 
influenced by a short-wave trough. This short wave was within the long-wave trough to 
the west of the southern Appalachians. Other studies have found similar 500-mb patterns 
in the vicinity of flash flooding (Maddox & Doswell 1981; Schwartz et al. 1989). June 
2001 had a long-wave trough just to the west of the southern Appalachians, placing the 
southern Appalachians on the eastern side of the trough. July 1999 and August 2001 had 
a large-scale high-pressure ridge in place over the southern Appalachians. Furthermore, 
August 2001 had a long-wave trough to the east. Furthermore, only June 22, 2001 
showed absolute vorticity values of any significance (Figures 5.7 and 5.8). Further 
analysis of vertical velocities showed no clear indication of convection near the southern 
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Appalachians (Figure 5.9). Due to the isolated nature of the warm-season convection, 
indications of widespread, strong rising motion were not expected. 
Figure 5.7 500-mb absolute vorticity map representative of two of the 
warm-season events. Both of these warm-season events were 
in a high pressure ridge area. Source: NCDC (2004) 
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Figure 5.8 The June 22, 2001 500-mb absolute vorticity map. This 
map is similar to the July 3, 1995 event, though the absolute 
vorticity for that storm was less widespread. Source: NCDC (2004). 
Figure 5.9 Typical 500-mb vertical velocity map for all four warm-
season storms. Source: NCDC (2004) 
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b. Wind profiles for the warm-season storms 
Synoptic data suggest south-southwesterly and westerly winds in the vicinity of 
the flash flooding. The wind profiles from Greensboro, NC, at 925-mb, 850-mb, 700-mb, 
and 500-mb for each of the four warm-season events also indicate the presence of weak 
south-southwesterly and westerly winds (Table 5.1). For example, the 850-mb pre-storm 
environment winds range from 10 to 20 kts. Similarly, weak pre-storm winds were 
recorded for the 700-mb (5-15 kts) and 500-mb (15-20 kts) levels (Figure 5.10). 
The storm environment also shows weak southwesterly, westerly and northerly 
winds for all of the warm-season events throughout the atmosphere (Table 5.1). For 
example, weak during-storm winds were observed for 800-mb (5-30 kts), 700-mb (5-15 
kts), and 500-mb (5-23 kts) levels. Flash flooding is determined by the duration and 
intensity of the precipitation event (Doswell et al. 1996). The weak winds allowed for 
slow storm movement. The slow movement of the thunderstorms extended the period of 
heavy rainfall and led to flash flooding. 
Table 5.1 Pre-storm and during storm wind direction (WD) and speed (WS) (kts) from 
near the surface to the mid-troposphere. 
925-mb 
WD/WS 
850-mb 
WD/WS 
700-mb 
WD/WS 
500-mb 
WD/WS 
Date PS S PS S PS S PS s 
July 1995 21075 140720 180710 235715 235715 255723 260720 265723 
July 1999 315710 245710 330720 300710 24575 28575 195715 19075 
June 2001 245715 235730 235715 225730 230710 220715 230720 200720 
Aug 2001 190710 240710 220710 24075 355715 31075 10720 350710 
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Figure 5.10 Storm-environment sounding from Greensboro for July 1999. The weak 
wind fields are typical of the warm-season events. Source: NCDC (2004) 
c. Temperatures (T) and dewpoint depressions (Tdd) 
Warm-season Tdd for the four flash flood events changes significantly from 925-
mb to 500-mb (Table 5.2). The soundings for all four generally indicate a moist and 
warm pre-storm atmosphere from 925-mb to 850-mb and a much drier and colder 
atmosphere at 500-mb. For example, June 2001 had a 925-mb pre-storm Tdd of 4°C and 
500-mb pre-storm Tdd of 25°C. This storm also had a 925-mb temperature of 22°C and a 
500-mb temperature of -10 °C (Figure 5.11). In the storm environment, the 500-mb Tdd 
dropped to 0°C. Only July 1999 showed large Tdd in the pre-storm and storm 
environment. 
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Table 5.2 Pre-storm (PS) and storm (S) temperatures and dewpoint depressions (C) from 
near the surface to the mid-troposphere. 
925-mb 850-mb 700-mb 500-mb 
T/ Tdd T/Tdd T/T d d T/Tdd | | 
Date PS S PS S PS s PS S 
July 1995 19/2 21/2 14/0 17/4 6/8 7/6 -10/22 -9/18 
July 1999 24/6 28/10 19/3 21/8 11/10 10/9 -8/19 -7/10 
June 2001 22/4 18/2 16/3 14/1 5/4 5/0 -10/25 -9/0 
Aug 2001 23/8 21/2 16/3 17/6 7/12 5/8 -8/35 -9/2 
Moisture levels vary considerably between the lower and upper levels of the 
warm-season events. Low-level moisture is typically high in the warm season in the 
southern Appalachians due to the higher humidity produced by the transpiration of the 
lush vegetation (thus the term Smoky Mountains). In addition, surface wind flow 
patterns typically indicate southerly to southeasterly winds at the surface. The winds 
bring humid conditions from either the Gulf of Mexico and/or Atlantic Ocean. In 
contrast, moisture levels at the 500-mb are typically much lower, due in part to the much 
colder temperatures aloft. Colder temperatures hold much less moisture than the warmer 
surface temperatures. The colder temperatures aloft also indicate the amount of 
instability that is present. The steeper the lapse rates, the more unstable the atmosphere is 
said to be (Carlson 1998). 
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Figure 5.11 The pre-storm-environment Greensboro sounding for June 22, 2001. The 
soundings depicts a very moist boundary-layer pre-storm environment, while 
dry air exists around the mid-troposphere. Source: NCDC (2004) 
d. Precipitable water (PW), mixing ratios (q), and relative humidity 
PW values were quite similar for the four storms. They range from 31.75 to 36.58 
mm for pre-storm environment and 33.27 to 46.99 mm for the storm environment (Table 
5.3). Data suggests that for all cases there were increases in atmospheric PW during the 
storms. Two of the storms had above average PW values and two had below average PW 
values. However, the below average values were only 4-7% below average. In the storm 
environment, all but one storm had PW average values that were 14-57% above that 
date's average PW value. Only July 1999 had a PW value that was below average, 
though only by 2%. The q for the four storms also indicate a very moist atmosphere 
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(Table 5.4). Maddox et al. (1977) found similar mean q values for western events. 
Relative humidity values reflect the q values and show a very moist storm environment 
through a deep portion of the atmosphere for the four storms (Table 5.5). In fact, relative 
humidity values changed significantly for the 500-mb storm environment. Pre-storm 
500-mb relative humidity values for June and August 2001 rose from single digit values 
to values of 99 and 89%, respectively. Data also show similar high values in the areas 
close to the flash flooding and precipitation events. 
Table 5.3 Precipitable water (mm), the percentage above normal PW for that 
date, and total precipitation produced for the warm-season storms. 
Date Pre-
storm 
Percent 
Above/Below 
Normal 
Storm Percent 
Above/Below 
Normal 
Rainfall 
Reported 
(mm) 
July 1995 36.58 8% 41.15 21% 102 
July 1999 32.51 -4% 33.27 -2% 152 
June 2001 36.58 22% 46.99 57% 102 
Aug 2001 31.75 -7% 38.86 14% 102 
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Table 5.4 Pre-storm and storm q from near the surface to the mid-
troposphere for the warm-season storms. 
925-mb 850-mb 700-mb 500-mb 
(g/kg) (g/kg) (g/kg) (g/kg) 
Date PS S PS S PS S PS S 
July 1995 14.9 17.0 11.8 14.1 8.4 9.0 3.6 3.8 
July 1999 20.5 29.5 16.1 21.0 11.6 11.6 4.2 4.7 
June 2001 17.8 13.8 13.2 11.8 8.1 7.8 3.6 4.0 
Aug 2001 19.5 16.7 13.4 14.5 j • 8.9 8.1 4.3 3.8 
Table 5.5 Pre-storm and storm relative humidity for the warm-season 
storms. 
925-mb 850-mb 700-mb 500-mb 
% % % % 
Date PS S PS S PS S PS S 
July 1995 90 89 97 80 56 66 15 22 
July 1999 69 55 83 60 50 54 20 45 
June 2001 78 91 83 91 75 100 8 99 
Aug 2001 61 89 81 68 42 56 4 89 
e. 6(troughs and ridges 
6
 e ridges dominated all but one of the four warm-season flash flood events 
(Table 5.6). The pre-storm environment of July 1999, August 2001, and June 2001 
indicated the presence of a very pronounced 0 e ridge building in from the southeast 
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(Figure 5.12). In the pre-storm environment of July 1995 a weak 0 e trough was present. 
At the same time, a 0
 e ridge was present over the central and eastern portions of the 
Carolinas. 6 e ridges were present in the storm environment of all four storms, indicating 
a warm, moist 850-mb layer (Figures 5.13). In addition, the typical southerly and 
southeasterly warm-season winds of the southern Appalachians are indicated by the 0 e 
ridges. All four 0
 e ridges ridge northward from the Gulf of Mexico or northwestward 
from the Atlantic Ocean. 
Table 5.6 0 e troughs and ridges, K-index (KI), and lifted index (LI) for 
the warm-season storms. 
9 e KI LI 
Date PS S PS S PS S 
July 1995 Trough Ridge 29 33 -11 -4.3 
July 1999 Ridge Ridge 32 34 -3.2 -1.9 
June 2001 Ridge Ridge 34 35 -3.4 0.5 
Aug 2001 Ridge Ridge 24 29 0.1 -2.3 
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Figure 5.12 Weather map showing the pre-storm 0 e ridge stretching 
north toward the southern Appalachians from the Atlantic 
Ocean and Gulf of Mexico on June 22, 2001. 
Source: NCDC (2004) 
Figure 5.13 Weather map showing the 0 e ridge stretching northwestward 
toward the southern Appalachians from the Atlantic Ocean on 
July 3, 1995. Source: NCDC (2004) 
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/. K-index (KI) 
KI readings greater than 30 indicate unstable environments. KI readings greater 
than 38 are usually indicative of heavy rainfall and flash flooding (Chaston 2002). Three 
of the four storms had KI readings around 30 in the pre-storm environment, but one storm 
had a KI reading of only 24 (Table 5.6). In the storm-environment sounding all storms 
had KI readings of at least 29 but none of the storms had KI readings that would typically 
indicate an environment capable of producing flash flooding. K-indices were expected to 
be higher since they are used as a warm-season flash flood parameter. 
g. Lifted index (LI) 
LI values for all four warm-season storms indicated an unstable environment in 
both the pre-storm and storm environments (Table 5.6). In fact, the July 3 event had LI 
readings that indicated an extremely unstable atmosphere in the pre-storm sounding. 
None of the storm-environment LI values were exceptional, but they indicate an unstable 
atmosphere. An unstable atmosphere is necessary for a flash flood event. It does not 
matter how moist the boundary layer is if the parcels cannot rise to form convection. The 
instability of the atmosphere for the warm-season storms was such that convection was 
able to develop. 
As with the cool season events, an analysis of the mesoscale environment for the 
warm season is necessary in order to get a better picture of the flash flood environment. 
NARR data, daily weather maps, and radar were used for the mesoscale analysis. 
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5.2 MESOSCALE 
a. Radar and orographic influence 
An analysis of the Radar data indicated that the flash flood-producing storms were 
rather isolated in nature (Figure 5.14). June 2001 and August 2001 had a bit more 
widespread convection but most of that convection was short lived and likely developed 
in response to the hot and humid afternoon conditions. Three of the warm-season storms 
developed during the warm and humid afternoon. These storms remained nearly 
stationary and produced precipitation that led to flash flooding. The only nocturnal 
event, August 2001, occurred in response to a slow-moving cold front moving through 
the Appalachians in the overnight hours. The slow movement of the storms led to 
isolated reports of flash flooding. Topography appears to have had little if any influence 
on the location of the warm-season flash flood events (Figure 5.15). 
BASE REFLECTIVITY 
KMRX - KNOXVULE, TN 
07/03/1995 19:40:47 GMT 
LAT: 36/10/04 N 
LON: 83/24/07 W 
ELEV: 1434.0 FT 
MODE/VCP: A / 21 
ELEV ANGLE: 0 .50 
MAX: 55 dBZ 
RANGE 248 NM 
Legend: (Category) dBZ 
(16)75 (11)70 (13)05 (12)60 (11)55 (10)50 (0)46 
(8)10 (7)35 (6)30 (5)25 (4)20 (3)15 
(2)10 (1)5 
Figure 5.14 Radar image from July 3, 1995. Note the isolated nature of the 
storm that produced as much as 102 mm of rainfall and cost Henderson 
County $362,000 in property losses. Source: NCDC (2006) 
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Figure 5.15 Warm-season NARR data site locations, represented by the dots, overlain on 
an elevation map. Source: Modified elevation map from Gaffin & Hotz 
(2000) 
b. NARR Wind profiles 
The NARR wind profiles show weak winds throughout for both the pre-storm and 
storm environments (Table 5.7). In fact, the highest wind at the 925-mb for both the pre-
storm and storm environment was seven knots. Furthermore, the highest wind recorded 
was 29 kts at 500-mb. The winds were generally westerly at all pressure levels for both 
the pre-storm and storm environments. Only August 2001 showed southeasterly to 
northeasterly winds in the storm environment. This was likely in response to the 
nocturnal front that was moving in from the northwest. Winds at the surface were likely 
blowing toward the front and its area of low pressure. Only July 1999 consistently had a 
northerly wind component to nearly all of its pre-storm and storm environment winds at 
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all millibar levels. Only July 1995 maintained southwesterly winds for all of its pre-
storm and storm environment winds at all millibar levels (Figure 5.16). The very light 
winds, especially at the 500-mb level, helped the storms to move very slowly or remain 
stationary. It should be noted that the winds, especially at the 925- and 850-mb levels, 
are so light that mesoscale features directly associated with topography may have 
determined the direction from which the wind was blowing. 
Table 5.7 NARR pre-storm (PS) and storm (S) wind direction (WD) and speed (WS) 
(kts) near the surface to the mid-troposphere for the warm-season storms. 
925-mb 850-mb 700-mb 500-mb 
(WD/WS) (WD/WS) (WD/WS) (WD/WS) 
Date PS s PS s PS S PS S 
July 1995 225/2 225/5 225/6 225/7 270/17 260/16 270/27 270/29 
July 1999 315/4 315/7 315/8 315/11 225/3 330/8 175/4 360/11 
June 2001 225/7 270/7 270/16 270/8 225/16 225/13 225/21 
• • 
225/27 
Aug 2001 225/4 145/7 270/2 100/7 315/5 45/10 350/11 45/16 
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a) 
Figure 5.16 a) NARR pre-storm and (b) storm-environment data for July 1995. 
Southwesterly winds dominate both NARR soundings. 
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c. NARR temperatures (T) and dewpoint depressions (Tdd) 
Temperatures and dewpoint depressions indicate unstable, moist atmospheres for 
all four warm-season events (Table 5.8). Temperatures at the 925-mb level ranged from 
18-24°C with Tdd from 2-7°C for both the pre-storm and storm environments. 
Temperatures decreased with height (Figure 5.17). For instance, 925-mb temperatures 
were around 20°C and 500-mb temperatures were around -10°C. Furthermore, storm-
environment Tdd generally fall within 2-5°C from 925-mb to 500-mb. This indicates a 
significant amount of deep moisture through a large part of the atmosphere that was an 
adequate source for heavy precipitation. 
Table 5.8 NARR pre-storm and storm temperatures and dewpoint depressions (°C) near 
the surface to the mid-troposphere for the warm-season storms. 
925-mb 850-mb 700-mb 500-mb 
T/Tdd T/Tdd T/ Tdd T/Tdd 
(C°) ( O ( O (C°) 
Date PS S PS S PS S PS S 
July 1995 20/4 
1 
23/7 14/3 16/3 5/6 7/5 -11/10 -9/5 
July 1999 23/3 : 24/5 19/4 19/4 9/9 8/3 
• lilSF/iftStiBlT^ ' 
-8/18 -8/3 
June 2001 18/2 18/3 14/3 13/3 4/2 4/3 -10/12 
< f i|g < j | 
-10/2 
Aug 2001 22/4 18/2 16/2 16/2 8/3 8/5 
• m b 
-6/7 -8/25 
92 
mb 
-30 -20 -10 D 10 2D 30 M 
Temperature (°C) 
Figure 5.17 NARR storm-environment data for August 2001. This data is typical of the 
warm-season storm-environment events. 
d. NARR Precipitable water (PW), mixing ratio (q), and relative humidity 
In all four warm-season events the PW and q values were favorable for heavy 
precipitation. In fact, all four warm-season events had PW values that were above the 
average PW value for that date (Table 5.9). Furthermore, two of the storms were around 
30% above the PW value average for that date. PW values ranged from 37.9 mm to 40.7 
mm for the four storms. The q values from 925 to 700-mb indicate the potential for 
heavy precipitation (Table 5.10). The q values ranged from 11.5 to 15.4 g/kg from the 
925 to 850-mb storm environments. The q values continued to range from 5.8 to 8.0 g/kg 
at the 700-mb level. Both the PW and q indicate a very moist environment throughout a 
deep part of the atmosphere. The NARR values compare will with Maddox et al. (1977). 
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In addition, relative humidity values also indicate a very moist pre-storm and storm 
environment throughout all levels for all four storms (Table 5.11). 
Table 5.9 NARR precipitable water (mm), the percentage above normal PW for that 
date, and the total precipitation produced for the warm-season storms 
Date Pre-
storm 
Percent 
Above/Below 
Normal 
Storm Percent 
Above/Below 
Normal 
Rainfall 
Reported 
(mm) 
July 1995 35.2 6% 40.4 19% 102 
July 1999 41.2 21% 40.7 20% 152 
June 2001 38.2 27% 37.9 26% 102 
Aug 2001 45.1 33% 39.2 
* ' L 
15% 102 
Table 5.10 NARR pre-storm and storm q near the surface to the mid-
troposphere for the warm-season storms. 
925-mb 850-mb 700-mb 500-mb 
(g/kg) (g/kg) (g/kg) (g/kg) 
Date PS s PS S PS S PS S 
July 1995 12.3 12.8 9.8 10.9 5.2 6.5 1.4 2.5 
July 1999 16.3 15.4 12.9 12.7 5.4 8.0 0.9 3.2 
June 2001 12.2 11.5 10.0 9.3 6.2 5.8 1.3 3.0 
Aug 2001 14.2 12.7 12.1 11.8 7.6 6.7 2.9 0.5 
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Table 5.11 NARR pre-storm and storm relative humidity for the warm-season 
storms. 
925-mb 850-mb 700-mb 500-mb 
% % % % 
Date PS s PS 
s 
PS S PS S 
July 1995 77 68 80 78 65 74 41 65 
July 1999 84 75 79 76 53 oo
 
h—>
 
22 79 
June 2001 85 80 83 83 83 
;
 I 
7 7 
36 
£ • • 1 1 WlKiMm 
82 
Aug 2001 77 92 
ililHSl 
87 88 
M M 
78 69 58 11 
e. NARR K-Index (KI) 
K index readings for all four warm-season storms indicate a moderately unstable 
environment (values near or >30) (Table 5.12). However, only July 1999 had a KI value 
that indicated the possibility of heavy precipitation (KI>38). KI values alone would not 
have indicated heavy precipitation potential. 
Table 5.12 NARR K-index (KI) and lifted index (LI) for 
the warm-season storms. 
KI LI 
Date PS S PS S 
July 1995 30 33 -2 
-3 
July 1999 32 39 -8 -7 
June 2001 33 29 -3 0 
Aug 2001 32 31 -2 0 
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f . NARR Lifted Index (LI) 
NARR lifted Index readings for all four warm-season storms indicated an 
unstable environment (Table 5.15). In fact, July 1999 indicated a very unstable 
atmosphere with LI readings of -7. While July 1999 produced some severe weather, flash 
flooding was the main threat. As noted previously, the LI is a good indication of 
instability by showing how great the temperature spread is from the surface to 500-mb. 
The steeper the lapse rate, the more efficiently the parcels will be able to rise. It is also 
notable that the pre-storm LI values were all negative, indicating the atmosphere was 
unstable before convection developed. 
In summary, the warm-season events fit Maddox's flash flood framework (Maddox et 
al. 1979; Maddox et al. 1977; Maddox et al. 1986; Maddox et al. 1978). Upper air 
soundings and NARR data indicate that all four events had weak winds from near the 
surface to 500-mb. Two events were influenced by a weak ridge and two events were 
influenced by weak troughs. Three of the events were synoptic, while one was frontal 
(Maddox et al. 1979). July 1995 was influenced by an approaching short-wave trough. 
This trough further destabilized the atmosphere by increasing divergence aloft. A warm, 
moist air mass was in place in both the pre-storm and storm environments of the four 
storms. PW, q, and relative humidity values and theta-e ridges all indicate a moist air 
mass through a large depth of the atmosphere. Maddox et al. (1979) have found similar 
results with other flash-flood events. The K-indices did not indicate the potential for 
flash flooding. However, all LI values did indicate an unstable atmosphere. An analysis 
of the radar data shows no direct correlation between topography and the flash flood 
events. 
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CHAPTER 6 
CONCLUDING REMARKS 
This study used North American Regional Reanalysis (NARR) data (Mesinger et 
al. 2006) and sounding data to analyze the synoptic and mesoscale meteorological 
settings of four cool-season and four warm-season flash-flood events in the southern 
Appalachians. The objective of this study is to further asses whether these events satisfy 
the Maddox et al. (1979) framework. The four cool-season events had many of the same 
characteristics. Upper air soundings and NARR data were used for analysis. The four 
flash-flood events exhibited a strong, deep 500-mb long-wave trough that was located 
just west of the southern Appalachians. In addition, three of the storms had negatively 
tilted troughs. Using Maddox et al.'s (1979) classification system, two of the events were 
synoptic and two were frontal. Both 500-and 700-mb analysis provided no indication of 
the influence of short-wave troughs in any of the flash-flood events. Soundings and 
NARR data of the wind profiles for the four storms indicate strengthening and veering 
southeasterly to southwesterly winds for the storm environments. Winds from 925- to the 
500-mb level ranged from 15 to 25 kts to 45 to 65 kts, respectively. February 1995 had 
wind profiles that may indicate a 55 kt 850-mb low-level jet. January 19 and 26, 1996's 
pre-storm to storm-environment dewpoint depressions dropped more than 20°C. 
Interestingly, no northeasterly or northwesterly winds were found with any of the cool-
season storms. NARR data indicated a dewpoint depression drop of as much as 10°C 
from the pre-storm to storm environments for the same event. PW values were 121% to 
257% above the average precipitable water values and ranged from 22.86 to 34.04 mm. 
The q and relative humidity values generally indicated a moist storm environment from 
925- to 500-mb. Furthermore, theta-e ridges were in place for all cool season events. 
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Strong vertical velocities indicate the warm, moist air was being adequately lifted to 
produce precipitation. In addition, radar indicates that widespread precipitation fell 
throughout the region and, at times, fell repeatedly over the same areas and with varying 
intensities. The heaviest precipitation fell near the highest elevations. Storm 
environment K-indices ranged from 20 to 34 and LI values ranged from -3 to 13. 
The four warm season flash-flood events also exhibited many of the same 
characteristics. Upper air soundings and NARR data indicate that all four events had 
weak winds from near the surface to 500-mb. A weak ridge influenced two events and 
weak troughs influenced two events. Based on Maddox et at. (1979) three of the events 
were synoptic, while one was frontal. An approaching short-wave trough influenced the 
July 1995 flash-flood event. PW values ranged from 33.27 to 46.99 mm for the storm 
environments. The q and relative humidity values indicate a moist air mass. The K-
indices ranged from 29 to 39 in the storm environment. The LI values ranged from -7 to 
0.5. An analysis of the radar data shows no direct correlation between topography and 
the flash flood events. 
The flash-flood events in this study compared rather well with other flash-flood 
events. The Madison County (Pontrelli et al. 1999), Rapid City (Maddox et al. 1978), 
Fort Collins (Pontrelli et al. 1999), and Big Thompson (Maddox et al. 1977) warm-season 
events had weak, negatively tilted 500-mb troughs with short waves imbedded within that 
flow, negative lifted indexes, and high pressure (Maddox et al. 1999). Two warm-season 
events in this study had weak troughs located to the west of the study region, and one of 
those events had a short-wave trough imbedded within that flow and approaching the 
southern Appalachians. All four warm-season events had near zero or negative lifted 
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indices. One event occurred while the southern Appalachians were under the influence of 
high pressure. All four warm-season events occurred under rather benign conditions 
similar to other flash-flood events studied by Maddox et al. (1986) and Pontrelli et al. 
(1999). Gaffin and Hotz (2000) and Hunter and Boyd (1998) found similar cool season 
orographic precipitation patterns. 
One of the most significant differences between the cool- and warm season events 
was found in the influence of topography and in the coverage of the precipitation. Radar 
data revealed that the cool-season events tended to take place near the higher elevations 
of the southern Appalachians, while the warm-season flash flood events occurred more 
random with respect to higher elevations. Radar data indicates cool-season precipitation 
intensities increasing near higher elevations within the larger shield of precipitation being 
produced. In fact, all four cool-season events occurred as a result of a large area of 
precipitation encompassing the southern Appalachians. The strong cool-season storm 
winds forced for the warm, moist air up the topography and enhanced convection. On the 
other hand, the weak warm-season winds had little if any effect on forcing the airmass to 
move up the topography. Others have found similar orographic effects with precipitation 
patterns (Gaffin & Hotz 2000, Hunter & Boyd 1998). A line of heavy precipitation 
accompanying the frontal passage often followed light to moderate precipitation. This 
band of heavier precipitation prompted flash flood warnings. In addition, some of the 
cool-season event flash flood warnings were issued in these events due to heavier 
downpours within the main shield of precipitation. On the other hand, the warm-season 
events were much more isolated. The precipitation patterns reflect the difference in cool-
season large-scale upward motion vs. warm-season localized motion. The vertical 
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velocities reflect this also by painting a "bullseye" of vertical velocities over the southern 
Appalachians for the cool season events but showing little if any large scale vertical 
velocities for the warm season. Due to the isolated nature of the warm-season 
convection, the lack of large-scale strong vertical motions was expected. 
Pre-storm to storm-environment atmospheric moisture also varied considerably 
between the cool- and warm-season events. All four warm-season events had low Tdd in 
the pre-storm and storm environments with Tdd values generally in the single digits. The 
low Tdd were a result of the warm, humid airmass that is typical of this region in the 
warm season. January 19 and 26, 1996 had pre-storm synoptic sounding 850-mb Tdd 
from 24 to 26°C. However, moisture advection was such that those large Tdd values were 
reduced to near 0°C readings in the storm environment. The lowering Tdd were a result of 
a strong storm system approaching the region from the southwest. The approaching cool-
season storm systems were able to efficiently transport warm, moist air into the southern 
Appalachians on strong southeasterly to southerly winds. The NARR soundings show a 
much more subtle Tdd change. According to the NARR soundings the pre-storm Tdd 
values were 7 and 11 °C. The cool-season events had large Tdd readings at the 500-mb 
level but those readings generally declined in the storm environment, especially in the 
NARR soundings. This is a reflection of the high moisture contents throughout a deep 
layer of the tropospheric layer. Both the cool- and warm-season storm environments 
indicated a deep layer of tropospheric moisture. This feature of the cool season storms 
fits within the Maddox framework (Maddox et al. 1979). Furthermore, all eight flash-
flood events had theta-e ridges, though of varying intensities, present in the storm 
environment. 
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An improved understanding of both the atmospheric and surface hydrological 
conditions should help in forecasting southern Appalachian seasonal flash flooding. 
Future research should include an analysis of surface hydrological conditions. 
Regardless of existing surface hydrological conditions, because of the rate at which the 
precipitation fell in these eight events it is thought flash flooding was inevitable for this 
area. However, surface hydrological conditions could have affected the magnitude of the 
flash flood event. Furthermore, additional studies of the synoptic and mesoscale settings 
that resemble those featured in this work but did not result in a flash flood event are 
needed. The author intends to contribute more research to this important topic in order to 
expand the knowledge base on flash flooding. 
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Appendix A 
Creating a Radiosonde Sounding in GrADS 
NARR data can be used to create a sounding in GrADS. This data is available on 
the NARR website and can be downloaded at no cost. The data has a 32km resolution 
and is available from the NCDC for the time period of 1979 to present. When one 
accesses the NARR data webpage (www.emc.ncep.noaa.gov/mmb/rreanl/) one should 
select the 1979-present option. One should then select "access". One should then select 
"North American Regional Reanalysis, 32km, 1979-present." "A" files should be 
selected followed by "plot ftp4u." Enter the dates of the data needed and create an ftp 
address. 
One should then download the GrADS program into Linux. GrADS can be found 
online on the GrADS homepage. Once GrADS has been downloaded the user can then 
insert the sounding script (see below). Once the script is loaded, one can manipulate the 
latitude and longitude coordinates and times of each sounding. One can manipulate the 
sounding script to tailor his/her needs. 
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